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ABSTRACT 


The  (7,p)  reaction  in  0,  P,  Ne,  and  C  has  been  studied  with  electrons 
of  energies  up  to  36  Mev.  Survey  studies  were  made  of  the  Al,  A,  and  B 
(7,p)  energy  spectra.  15ie  reactions  were  initiated  by  electrons,  and  not 
real  photons j  but  it  has  been  theoretically  predicted  and  received  partial 
eiqperimental  verification  that  there  is  a  one  to  one  correspondence  between 
electron-  and  photon- Induced  reactions,  and  that  one  can  assume,  when 
analyzing  electron-production  yields,  that  the  electron  has  associated 
with  it  a  virtual-photon  spectrum,  similar  to  the  real-photon  bremsstrahlung 
spectrum.  The  viirtual  and  bremsstrahlung  spectra  differ,  however,  in  that 
the  virtual-photon  spectrum  depends  on  the  multipolarity  of  the  induced 
transition  and  the  angle  between  the  incident  electron  beam  and  the  emitted 
disintegration  product,  while  the  bremsstrahliuig  spectrum  does  not.  The 
electron  production  yields  were  emalyzed  with  the  use  of  the  E-1  virtual- 
photon  spectrum  to  obtain  o-(7,p).  The  proton  yields  and  corresponding 
cross  sections  of  0,  F,  and  Ne  contain  more  than  two  peeJcs  or  resonances. 
Neon  exhibits  the  most  interesting  spectrum.  It  has  a  series  of  well- 
resolved,  evenly-sp6u:ed  peedcs  whose  envelope  has  the  usual  giant -resonance 
shape.  The  peaks  occur  at  laboratory  proton  energies  of  3*20,  3>70,  4.^, 
5.80,  6.65,  7*75>  8.65,  9»4o,  and  11.40  Mev.  The  final-state  properties 
of  the  Ne  protons  from  4  to  10  Mev  and  the  0  protons  from  9*2  to  12.4  Mev 
were  detemlned  to  within  20^  by  excitation  experiments.  Angular  distrib¬ 
ution  measurements  over  a  considerable  region  of  the  giant  resonances 
dire  presented  for  0,  F,  Ne,  and  C.  The  following  integrated  cross-section 


iii  - 


estimates  and  limits  were  obtained: 


{fs  ■  56  *  U  M»vh*,  1^5  /23  7(r,p)«  .  29^ 

J-O.b  ;j^Q  5  7  .3 

He  /f’  <r(7,p)aB  -  65!“  Ifev-mb,  /®-3  ,T(7,p)aB,  -  50  ±  8  Jlev-M., 

1^5  ’  9^  ±  19  Mev-mb;  62  Mev-mb  S  f  a(7,p)dE^  S  100  Mev-mb, 

and 

25  Mev-inb  S  B  0’(7»p)dE  S  42  Mev-mb. 

13.8  ^ 
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CHAPTER  I 


INTRODUCTION 

It  Is  generally  conceded  that  the  mechanlBm  of  photonuclear  reac¬ 
tions  is  essentially  understood,  yet  a  number  of  Important  facets  of 
these  reactions  still  await  eigperlmental  confirmation  and  quantitative 
theoretical  explanation.  Among  the  unexplained  facets  is  the  "conten¬ 
tious”  subject^  of  gi*oss  stiructuire  in  the  giant  iresonance  in  light  nuclei, 
as  conjectured  from  the  y-nucleon  cross  sections.  !nxis  subject  is  non¬ 
trivial  since  the  occurrence  of  gress  structure  other  than  that  attribu¬ 
table  to  a  deformation  of  the  nuclear  shape  frem  sphericity,  as  evidenced 
by  large  quadrupole  moments,  is  embarrasslzxg  to  the  collective  models  of 

the  nuclear  photoeffect;  while  the  Independent-paxrtlcle  models  contain 

2 

eui  Inherent  mechanism  for  the  pxroductlon  of  structure.  While,  in 
general,  the  two  models  have  mutu8d.ly  exclusive  domains  of  validity, 

3 

regions  do  exist  where  both  models  claim  applicability.  As  8|)lcer  has 

pointed  out,  since  the  properties  of  the  low-lying  states  of  elements  in 

the  region  of  9  <  Z  <  30  are  successfully  described  by  the  collective 

or  strong  interaction  models,  the  Danos-Okamoto  long-range  correlation 
k 

model  of  the  photonuclear  effect  must  be  applicable  to  these  elements. 

If  the  collective  model  description  is  correct  in  this  region,  the  giant 
resonance  should  be  split  into  two  peaJcs  occurring  at  photon  energies 
and  whose  ratio  is  given  by  *069  >  where 

the  ratio  a/b  (a  and  b  are  the  lengths  of  the  semi-major  euid  semi- 
minor  eucls  of  the  assumed  qphereidally  shaped  nucleus)  can  be  determined 
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frcan  the  intrinsic  quadrupole  moment.  In  particular,  using  values  for 

5 

the  intrinsic  quadrupole  moments  derived  from  low-lying  E-2  transitions, 

the  collective  model  predicts  values  of  1.3  and  1.4  for  P  and  He, 

respectively!  hence  the  predicted  glauit-resonance  splitting  should  be 

easily  resolved.  On  the  other  hand,  recent  theoretical  studies  show 

6 

that  Wilkinson' s  theory  of  the  photonuclear  effect  with  detailed  shell- 

7  8 

model  initial  and  excited  states can  well  parody  the  gross  structure 

previously  seen  in  the  0  (r(7,p).  Furtheimore,  although  detailed  photo- 

nuclear  calculations  have  not  been  made  for  F  and  He,  the  excited  states 
19 

of  F  have  been  calculated  with  the  shell  model  using  configuration 

g 

mixing.  These  elements  should  clearly  be  within  the  domain  of  the 
shell  model. Thus  both  modftls  claim  to  be  applicable  to  the  photo- 
nuclear  effect  in  F  and  He.  Therefore  the  occurrence  of  more  than  two 
or,  if  the  improbable  a8suii5>tion  of  non-axial  nuclear  sjnmetry^^  is  made, 
three  relatively  large  peaks  in  o'(7,p)  would  confirm  the  Independent- 
partlcle-model  description  of  the  nuclear  photoeffect  while  providing 
a  severe  censure  of  the  collective-model  description.  Honcomnlttal 
results  might  give  some  Inslc^t  into  the  coupling  mechanism  between  the 
single-particle  states  and  collective-model  states  in  the  nuclear-model 
transition  region.  However,  except  for  the  0  0'(7fP);  e^gperlmental 
evidence  for  the  gross  (7,p}  energy  structure  has  been  statistically 
inconclusive.  ’  ’  ’ 

Consequently,  a  search  for  (7,p)  energy  structure  with  which  the 
predictions  of  the  collective  and  Independent  particle  models  could  be 
compau^d  was  made  in  0,  F,  and  He.  In  addition,  survey  searches  were 
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made  for  (/,?)  energy  structure  in  A  and  B;  and  a  C  energy  spectrum, 
needed  in  the  CF^  target  F  experiments  for  C  background  subtraction,  was 
obtained.  Angular  distributions  of  the  protons  from  the  prominent  peedcs 
in  0,  F,  Ne,  and  C  were  measured.  The  relationship  between  photon  Euid 
proton  enei^  was  determined  for  the  major  0  and  Ne  peaks  by  excitation 
of  the  protons  as  a  function  of  electron  energy.  All  target  elements 
contained  the  naturally  occurring  ratios  of  isotopes. 

In  these  experiments  the  direct  effect  of  the  electron*  s  transition 
electromagnetic  field  produced  the  reaction  and  not  real  photons.  How¬ 
ever,  a  direct  correspondence  between  electron-  and  photon- Induced 

reactions  has  been  predicted  by  calculations  that  enploy  the  teller 
17 

potential  *  '  to  describe  the  electron*  s  transition  electromagnetic 
field.  According  to  virtual-photon  theory,  the  direct  effect  of  the 
electron*  s  transition  field  may  be  considered  as  ^ectra  of  virtual 
photons  which  depend  on  the  multipolarity  of  the  Induced  reaction.  The 
electron-production  yields  may  be  analyzed  with  these  virtued-photon 
spectra  in  emadogy  to  the  analysis  of  photqproduction  yields  with  a 
real  brensstrahlung  spectrum.  Ibe  virtual  photon  hypothesis  and  qpectra 
have  received  partial  ejqjerlmental  confirmation.  Therefore,  we 

describe  the  electron  production  process  as  a  (7,p)  reaction  even  though 
the  square  of  the  four-vector  momentum  transferred  to  the  nucleus  may  be 
different  them  zero,  as  in  the  real-photon  case.  Furthermore,  since  the 
three-momentum  transfer  may  be  in  other  than  incident-beam  directions, 
although  nearly  forward  directions  predominate,  the  virtual-photon  spectra 
cure  ejected  to  have  a  slight  dependence  on  the  angle  between  the  emitted 
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disintegration  product  and  the  primary  electron  beam;  euid  consequently^ 

electron- Induced  angular  disintegrations  are  expected  to  be  slightly 

more  Isotropic  than  real-photon- induced  reactions.  This  effect  for  E-1 

20 

transitions  has  been  examined  theoretically  by  Bosco  and  Fublnl. 

!niey  assume  explicitly  the  classical  E-1  approximation  (kR  «  1  ^  where 
k  is  subsequently  defined  and  R  is  the  radius  of  the  interaction 
region)  emd  implicitly  the  equality  of  the  matrix  elements  of  the  current 
operator  between  initial  nuclear  and  final  nuclear-nucleon  states  which 
are  perpendicular  and  parallel  to  the  three-vector  momentum  transfer. 
l%eir  result,  which  contained  several  printing  errors,  was  not  integ¬ 
rated  over  the  scattered  electron  directions.  They  showed  essentially 
that  the  E-1  differential  electron  disintegration  cross  section  is  given 
by 
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and  0^  iB  the  angle  between  the  reeJ.-photon  direction  and  the  relative 
momentum  of  the  emitted  particle  q  .  This  is  equivalent  to 
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where  k^  »  u  -  u*  is  the  energy  and  ^  »  p  -  p*  is  the  momentum 
transferred  to  the  disintegrating  system;  the  unprlmed  quantities  refer 
to  initial-  and  the  primed  quantities  to  final-state  electron  variables. 
UJ>on  integration  over  scattered-electron  directions,  we  obtain 


where 
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The  electron-beam  monitoring  system,  proton  spectrosMter,  gaseous 
target-chairiser,  as  well  as  other  experimental  details  are  discussed  in 
Chapter  II,  Eiqperlmental  Appartus  and  Methods.  In  Chapter  III,  Experi¬ 


mental  Results  and  Discussions,  the  proton  energy  distributions. 


-  5  - 


excitation  functions,  euid  angular  distributions  are  presented  and  com¬ 
pared  with  other  experiments.  In  Chapter  IV,  Conclusions,  the  implica¬ 
tions  of  the  observed  structure  are  discussed. 
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CHAPTER  II 


EXPERIMENTAL  APPARATUS  AND  MBTBODB 

A.  Description  of  the  E:q>erimental  Arrangement 

Electrons,  accelerated  by  the  Stanford  Mark  II  49-Mev  Linear 

Accelerator  and  momentum-analyzed  into  a  momentum  band  of  variable  width 

by  two  30*  wedge  magnets  and  a  slit  system  located  at  the  first  hori- 

21 

zontal  special  focus  of  the  magnet  system,  traversed  only  0.00075  in. 
of  Al,  which  constituted  the  three-foil,  secondary-emission  electron- 

pp 

beam-current  monitor  (SEM),  and  a  0.001-in.  Al  window  between  the 
accelerator  and  spectrometer  vacuum  systems  before  entering  the  scat¬ 
tering  chamber.  The  electrons  were  then  incident  on  the  target  elements 
which  were  contained  in  a  thin- walled  stainless- steel  cylinder,  in  the 
case  of  gaseous  targets,  or  which  were  in  the  form  of  polystyrene  (CH) 
or  teflon  (CF^)  foils,  in  the  case  of  C  or  F.  The  protons  emitted  from 
the  target  into  the  solid  angle  subtended  by  the  spectrometer  were 
moowntum-analyzed  by  an  iB-in.  radius,  120*  double-focusing  magnet  emd 
then  detected  by  a  counter  system  located  in  the  foced  surface  of  the 
magnet.  The  counter  system  consisted  of  eight  channels,  each  with  an 
RCIA66iO  photomultiplier  tube  with  vacuum  seal  at  the  projecting  metad 
ring  on  the  tube  base,  which  permitted  the  photocathode  of  the  PUT  and 
the  1.125  X  2  X  .010  in.  Pilot-B  scintillators  on  which  were  evaporated 
approximately  10  in.  of  Al  for  optical  isolation  of  the  counters  to 
be  in  the  spectrometer  vacuum  system.  Since  it  was  experimentadly 
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determined  that  the  pulse-height  distribution  of  the  counter  array  was 
narrowest  when  the  scintillator  was  approximately  0.06  in.  from  the 
photocathode  with  no  light  pipe  between^  this  arrangement  was  used. 

The  outputs  of  the  tu>'es  were  fed  directly  to  fast  integraLL  discrimina¬ 
tors  of  the  Moody  type.  The  counter  system  resolving  time  was  consid¬ 
erably  shorter  than  the  average  time  interval  between  background 
electron  pulses,  which  eliminated,  to  a  large  degree,  the  pile-up  of 
these  small  electron- Induced  pulses  and  allowed  the  maximum  electron- 
beam  intensity  to  be  used.  Calibration  and  design  motivation  for  the 
various  components  are  discussed  in  greater  detail  below. 

B.  Detailed  Description  of  the  Calibration  Euad  Performance 
of  the  Eb^rlmental  Components 

2.1  Energy  calibration  and  steJaillty  of  the  primary  electron  beam. 

21 

The  currents  through  the  achromatic  beam-translation  system  were 
monitored  and  not  the  fields  thooselves  during  most  of  the  energy  euod 
angular  distribution  runs.  Diurnal  drifts  in  the  field  vcLlues,  adlegedly 
due  to  long  relaxation  times  of  the  magnet  iron  domains,  have  been 
observed  in  this  laboratory  by  other  esqperlmenters  using  similar  magnets, 
even  though  the  magnetizing  currents  were  kept  constant.  These  effects 
were  minimized  in  this  experiment  by  turning  on  eQl  equipment  at  least 
half  an  hour  before  the  start  of  data  runs.  Since  each  datiun  point 
consists,  in  general,  of  an  average  of  information  from  three  different 
counters  taken  at  random  times  relative  to  dally  data-run  staining  times, 
electron-energy  errors  are  further  minimized  by  the  method  of  data 
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combination.  Fortunately,  the  proton  yield,  for  transitions  initiated 
by  photons  whose  energies  are  not  near  the  virtual-photon  endpoint,  is 
not  especially  sensitive  to  fluctuations  in  electron  energy.  Figure  1 
shows  the  relative  change  of  the  virtual-photon  intensity  as  a  function 
of  the  transition  energy  k  for  an  initial  electron  energy  Eq  »  30  Mev. 

The  current  thro\;igh  the  bean  translation  system  was  cycled  in  a 
standardized  manner  whenever  the  electron  energy  was  decreased  to  mini¬ 
mize  field  and  hence  electron  energy  errors  due  to  hysteresis.  Power 
supply  limitations  did  not  permit  high  enough  currents  to  saturate  the 
magnets,  but  elastic  electron  scattering  measurements  showed  that  the 
recycling  procedure  used  gave  reproducible  energies  to  within  .2$. 

The  Initial  electron  energy  was  calibrated  both  by  (y,n)  threshold 
23  244 

measurements,  ^  and  by  Cm  a-particle  measurements  (Fig.  2)  with  the 
use  of  the  proton  spectrometer  and  elastic  electron  scattering.  ®ie 
latter  method  involves  extrapolating  from  the  a-partlcle  values  to 
electron  Hp  values,  and  assumes  the  field  configurations  are  the  same  for 
both  cases,  differing  only  in  magnitude.  The  threshold  measurements 
gave  Eq  »  1.2X  -  1.7  and  the  a-particle  and  elastic  electron  scatter¬ 
ing  measurements  gave  E^  =  1.13^  X  -  l.lB  ,  where  X  is  the  suoalyzing- 
nngnet- shunt  voltage  in  millivolts.  The  proton  endpoint  for  the  24.^- 
Nev  C  data  seemed  to  Indicate  an  E^  midway  between  these  venues,  after 
allowance  was  nade  for  the  finite  energy  spread  of  the  initial  electron 
beam.  (More  precise  a-particle  and  field  measurements  support  the  latter 
value^^  of  Eq  .)  Although  the  rej  .uionship  E^  =  1.135  X  -  l.l8  was 
assumed  in  all  cross-section  calculations,  the  more  correct  electron 
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1.2 


VIRTUAL  PHOTON 
ENERGY  (MEV) 

FIGURE  1 

Ratio  of  the  fractional  change  in  the  E-1  virtual- 
photon  intensity  spectrum  to  the  fractional  cheuage  in 
the  primary  electron  electron  energy  as  a  function  of 
the  virtual-photon  energy. 
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energies  obtained  from  the  C  proton  endpoint  at  24.5  Mev  were  used  in 
plotting  the  data  from  the  excitation  e3q)eriments. 

2.2  Calibration  and  performance  of  the  SEM.  Other  e:q>erimenters  work¬ 
ing  on  the  Mark  III  linac  at  Stanford  have  observed  large  deviations  in 
the  response  of  their  SEM* s  in  the  course  of  a  few  hours'  running  time; 
consequently^  the  reliability  of  these  beam-current  monitors  has  long 
been  suspect.  In  order  to  check  the  performance  of  the  SEM  ausd  the 
stability  euid  reliability  of  the  counting  equipment,  slgneLl  runs  were 
intersticed  with  0.003- in.  Al- target  runs  which  yielded,  in  the  energy 
range  of  Interest,  siround  3000  counts  in  the  eight  counter  channels  in  a 
standard  272-4coul  run.  Since  the  target  was  relatively  thick  for 
protons  (S  a  ,8  Mev  for  a  3*5  Mev),  any  structure  in  the  Al  energy 
spectrum  would  have  been  smoothed  by  straggling  in  the  target,  so  that 
any  deviation  from  a  monotonic  yield  of  Al  protons  could  have  been  inter¬ 
preted  as  a  malfunction  of  an  experimental  component.  The  Al  data  were 
also  subsequently  used  to  evaluate  the  relative  efficiencies 
of  the  various  counters.  These  Al  measurements  indicated  no  statistically 
significant  deviation  of  the  experimental  components'  performance  for  the 
energy-  and  excitation- function  measurements  in  which  the  SEM  position, 
relative  to  the  beam,  remained  constant.  Two  absolute  calibrations  of 
the  804  response  with  a  Farckday  cup  were  made  71  days  apart:  the  effi¬ 
ciency  at  Eq  =  30  Mev  (0.0294^  for  three  foils)  was  the  same  within 
.3^1.  The  method  of  data-comblnatlon  tended  to  minimize  fluctuations  in 
the  counting  efficiency  of  the  veurlous  counters  and  in  SEM  response. 
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In  experiments  where  large  deviations  in  SEM  efficiency  have  been 
observed,  the  SEM  was  portable  and  consequently  the  beam-spot  traversed 
the  SEM  foils  In  different  spots  In  each  calibration  run.  I^ls  varia¬ 
tion  In  S04  position  has  been  alleged  to  explain  the  observed  deviations. 
This  effect  was  probably  observed  during  our  erngulcu*  distribution  runs. 
Iliese  runs  necessitated  a  repositioning  of  SEM  at  each  angle  although 
with  good  position  reproducibility.  After  completion  of  the  angular 
distribution  measurements  A1  runs  were  taken  over  a  sizable  energy  range 
and  yield  decreases  of  were  observed  on  all  counters.  Since  the 
yield  decrease  was  noted  on  all  counters,  It  is  likely  that  the  SDf  was 
the  offending  component.  Concurrently  with  these  A1  calibration  measuire- 
ments  the  0  energy  spectrum  below  the  9.2-Mev  peak  was  measured  and  these 
data  subsequently  normalized  to  the  previous  SEM  calibration. 

The  response  of  the  SEM  relative  to  the  Faraday  cup  was  measured  as 
a  function  of  electron  energy  E^  for  use  in  the  excitation  experiments. 
The  relationship  R  =  -.092  E^  +  36.77  (Fig.  3);  where  R  is  the  ratio 
of  Faraday-cup  response  to  SEM  re^onse,  was  found.  However,  since  the 
distance  between  SEM  and  Farauiay  cup  was  32  In. —  a  more  intimate  arrange¬ 
ment  being  prohibited  by  the  spectrometer  base  and  scattering  chamber  — 
the  measured  ratio  R  should  have  been  corrected  for  multiple  scattering 
In  the  X  10  radiation  length  of  A1  the  beam  traversed  before  enter¬ 
ing  the  4- In. -diameter  mouth  of  the  Faraday  cup.  If  the  assumptions  of  a 
uniform  intensity  distribution  of  the  electron  beam  (width  ~  0.50  in.), 
perfect  alignment  of  Faraday  cup  and  SEM,  euid  a  Gaussian  distribution  of 

pe 

multiple  scattering  angles'^  with  rms  angle 


-  13  - 


RATIO  OF  THE  FARADAY  CUP  RESPONSE 
TO  S.E.M.  RESPONSE 
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a 


(5) 


=  (21.2/EQ)/t  C(Z,t)  , 

where  t  is  the  thickness  of  the  scattering  material  in  radiation 
lengths,  and  C(Z,t)  is  a  correction  factor  which  depends  on  the  atomic 
nvunber  Z  and  the  thickness  t  of  the  scattering  material  [C(Z,t)  = 

.6k  for  t  =5  X  lo’^  radiation  lengths  and  Z  =  13]  are  made,  then  99  *51^ 
of  the  beam  at  l6  Mev  and  essentially  100^  of  the  beam  at  30  Mev  passed 
through  the  Fareiday-cup  opening.  The  measured  response  curve,  however, 
was  used  to  correct  excitation  data  for  the  dependence  of  the  SEM; 
and  neither  the  counting  statistics  near  threshold  nor  mechine  energy 
stability  Justified  a  further  concern  over  the  small  additional  correc¬ 
tion  necessitated  by  multiple  scattering  of  the  beam  in  the  window  ahead 
of  t]ie  Faraday  cup. 

2.3  fteectrometer  energy  and  solid-angle  calibration.  The  energy  colib- 

2kk 

ration  of  the  spectrometer  was  accoaqpllshed  with  the  use  of  a  Cm 
a-particle  source  as  described  previously.  Tlie  same  median-field 
measurements  versus  magnet-shunt  current  were  used  as  in  reference  23; 
but  the  experimental  points  were  fitted  by  an  algebraic  eaqpresslon  of 
third  degree,  which  was  subsequently  solved  for  the  field  values,  thus 
resulting  in  automatically  smoothed  field  values.  The  field  values  in 
gauss  as  a  function  of  the  magnet-shunt  current  X  were  H  =  ^1  X, 

0  s  X  s  15.10;  H  -  -.2667  x^  +  9.818  X^  +  386.7  X  +  1k)4.4,  15.10  S  X  S 
23.18;  H  -  .3518  X^  -  36.91  +  1555.9  X  -  9287.1,  23  S  X  «  29.85. 

In  the  proton-eneigy  range  of  interest  the  relationship  between  current 
and  field  was  essentially  linear,  mie  proton  energies  were  computed 
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using  the  first  order  relationship 


where  eP  is  the  nonrelativistic  proton  kinetic  energy  (eHip)^/2J^c^  . 
The  Bp  value  was  calibrated  by  masking  the  a-particle  source  in  such  a 
way  as  to  duplicate  the  beam  contour  as  well  as  possible  and  then  care¬ 
fully  placing  the  a-partlcle  source  at  the  experimentally  determined 
beam  height.  Alpha-pairtlcle-source  resolution  curves  (Fig.  2)  were 
then  measured^  and  the  center  of  the  curves  assumed  to  correspond  to  an 
a  and  hence  a  proton  energy  of  5 .81  Mev.  Then 


(eHp)^ 

2M  c^ 


(7) 


where  is  the  field  corresponding  to  the  center  of  the  resolution 
cuhre.  The  shunt  current  corresponding  to  the  center  of  the  O-partlcle 
resolution  curve  for  counter  7  was  reproducible  to  within  -7%.  VJhile 
it  is  well-known  that  diffusion  of  the  atoms  upon  which  the  source  is 
plated  can  cause  an  effective  thickening  of  the  source  and  consequently 
a  reduction  in  the  mean  a-partlcle  energy,  the  unattenuated  energy  of  the 
strongest  line,  ^.8l  Mev,  was  used  in  the  calibration. 

!nie  fractional  change  in  the  energy  JSM/E  for  a  given  spectrometer 
field  produced  by  a  fractional  change  in  the  source  height  is  given  by 

26 

dS/E  =  -515  dB^B^  according  to  Judd,  where  is  the  source  height 
corresponding  to  an  energy  E  and  coefficient  -515  is  a  characteristic 
of  the  spectrometer  (S^  »  26  in. ,  field  index  n  >  l/2  ,  average  radius 


a 
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of  curvature  r^  =  l8  in.,  and  the  angle  of  deflection  9  »  120*). 

During  data  runs  frequent  beam-spot  pictures  were  taken  to  check  vertical 
and  horizontal  alignment  of  the  beam.  These  beam  alignment  checks 
ensured  that  excessive  vertical  deflections  did  not  broaden  the  effective 
energy  resolution  or  shift  the  energy  ceLIlb ration. 

2^4 

The  spectrometer  solid  angle  was  measured  with  the  use  of  Cm 
a-partlcle  source  and  a  movable  system  of  baffles  whose  dimensions  were 
2/3,  l/2,  and  l/3  of  the  spectrometer  aperture  dimensions.  The  effective 
source  strength  was  detemlned  by  placing  baffles  of  successively  smaller 
area  in  front  of  the  magnet  aperture  until  the  counting  rate  was  propor¬ 
tional  to  the  baffle  eu^a.  The  counting  rate  with  the  l/2-slze  baffle 
was  9/4  that  with  the  l/3-slze  bafflej  so  It  was  assumed  the  spectro¬ 
meter  solid  angle  was  the  ratio  of  the  uhbaffled  a-countlng  rate  to  the 
l/2-8lze  baffled  a-countlng  rate,  times  the  solid  angle  defined  by  the 
l/2-8lze  be^fle,  2.99  X  10  sr.  This  method  assumes  that  the  source 
emits  a-partlcles  Isotropically  Into  a  solid  euigle  at  least  as  big  as 
the  spectrometer  solid  euigle.  The  alteration  of  the  spectrometer  resolu¬ 
tion  by  reducing  the  effective  solid  emgle  should  not  invalidate  this 
procedure  If  areas  under  the  differently  becffled  resolution  curves  are 
used.  In  prcu:tlce,  since  the  ratios  of  the  ordinates  of  the  resolution 
curves  under  differently  baffled  conditions  were  constant  to  within 
statistics,  only  the  counting  rates  at  the  peaks  were  used.  Although 
all  counters  should  subtend  the  same  spectrometer  solid  angle,  the  most 
reliable  measurements  would  be  expected  for  counters  near  the  central  ray. 
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In  order  to  coaipute  absolute  cross  sections  the  value  of  the  spec¬ 
trometer  energy  acceptance  JHE/'Bl  must  be  known.  If  the  spectrometer 
aberrations  and  a-partlcle- source-line  shape  are  known,  then  ^/E  can 
be  calculated  directly  by  unfolding  the  a-pa:.  bide  resolution  curves . 
However,  since  detailed  knowledge  of  these  parameters  is  not  available 
the  values  of  iffi/E  for  the  various  counters  were  calculated  by  means 
of  the  proton-energy  calibration  formula  [Eg.  (6)],  written  in  the  form 


E^  =  k^H^El  -  (k^H^/a^c^)]  ,  (8) 

and  by  meems  of  the  scintillator  width  and  average  counter  separation. 

The  npectrometer  energy  acceptance  ^/E  for  the  1-th  counter  was 

obtained  by  averaging  the  energy  difference  of  the  (i  +  l)th  and  (i  -  l)th 

counters,  dividing  by  the  energy  of  the  1-th  counter,  and  multiplying  by 

the  ratio  of  the  scintillator  width  W  to  average  counter  separation 

8 

W  .  Thus, 
c 


*1-1 


1+1 


2k. 


where 


%  “  (VI 


W  -  1.187  in.  , 

8 

and 

W  *  3*56  in. 
c 
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For  counters  1-8,  the  values  were  1.2668,  1.2429,  1.1951>  l.l465> 
1.0919,  1.0328,  0.9719,  and  0.9292.  These  values  were  obtained  without 
recycling  the  magnet  and  during  a  short  time  interval;  so  the  true  iSE 
values  should  have  been  preserved.  [The  calculation  of  (^/E)j  was 
modified  by  counter' 8' s  forward  location.]  The  solid  angle  with  the 
lead  baffle  used  with  the  gas  targets  was  related  to  the  solid  angle 
without  lead  baffle  by  coa^arlng  the  ratios  of  the  A1  data  at  one  proton 
energy.  Table  I  lists  the  values  of  Ail  obtained  from  a-peurtlcle 
measurements  with  each  counter.  Using  the  magnet-face  target  distance 
minus  half  the  gap  distance  for  the  source  distance,  an  equlllbrium- 
oitlt  radius  of  18  in.,  and  an  accessible  magnet-vacuum-chamber  area  of 
l4.1  in.  ,  the  first  order  theory  predicts  Ail  *  1.03  X  lO"  sr. 

In  order  to  determine  absolute  cross  sections,  the  quantity 
(dE/E)ZiflC  must  be  evaluated.  IBils  quantity  [(ZiE/E)dkOC  ],  where  C 
is  the  n\]]nber  of  electrons  per  unit  monitor  response  [C  -  R  C  i(V«,) . 
where  R  is  the  reclproced.  of  the  S9<  efficiency,  is  the  capacity 

of  the  Integrator  capacitor  in  feu:mds,  is  the  charge  accumulated 

on  the  Integrator  c8q)acitor  per  monitor  response,  emd  q^  is  the 
electronic  charge  in  coulombs],  was  obtained  by  synthesis  of  the  directly 
measured  values  of  Afi  ,  Z£/E  auid  C  ,  and  also  by  the  vlrtued  photo- 
disintegration  of  D  ,  using  the  gas  target.  Ilhe  D  (e,pe')  data  used 
in  the  cedlbratlon  are  shown  in  Fig.  4.  Hie  total  cross  section 

p 

<r^  ■  1.1  ±  ilO  mb  and  angular  distribution  da/dO  »  .ll(.093  +  sin  0) 

27 

mb/sr,  measured  by  Whetstone  and  Halpem  at  a  photon  energy  of  k  *  12.^ 
Mev,  were  assxamed  as  was  the  validity  of  the  virtual-photon  formulism 
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[Eq.  (^)].  The  real  photons  produced  in  the  0.^95  X  IO  rewiiatlon 
length  of  the  SEM  and  window  and  0.35^  X  10  radiation  length  of  gas 
chaaiber  wall  were  included  in  the  calculation.  This  measurement  gave 
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equal  to  k.6  X  10^  sr-electrons  per  unit  monitor  response,  where 
N(E^,1c)  Is  the  niunber  of  real  and  virtual  photons  of  energy  k  per 
incident  electron  of  energy  E^  ,  n^  is  the  number  of  target  nuclei 
per  unit  area,  is  the  number  of  protons  emitted  into  the  spectro¬ 

meter  solid  angle  for  monitor  response  V  ,  and  E  is  the  proton  energy. 
The  Integrator  capacitor  was  measured  agednst  a  standard  capacitor  in 
the  usual  way  and  found  to  be  .104  (ifarad.  Using  this  value  to 
calculate  C  and  the  measured  venues  of  AO  and  Al/E  ,  3.96  X  10^  is 
obtained  for  (AE/E)AflC  .  This  synthesized  value  cam  be  compared  with 
the  D  veuLue  after  the  latter  has  been  corrected  for  the  presumed  SBM 
efficiency  increase  which  occurred  before  the  D  cad.lb ration  ejqperlment. 

Q 

The  corrected  value  of  4.3  x  10^  from  the  deuteron  experiment  and  the 
synthesized  value  of  4.0  x  10^  aigree  within  df.  The  synthesized  vadue 
was  used  in  cross-section  determinations. 

The  effective  gas- target  length  at  76*  was  detexnlned  by  masking  the 
O-particle  source  to  a  .06-in.  vertical  slit  and  measuring  the  counting 
rate  as  a  function  of  lateral  displacement  from  the  8catterlng-chaiid>er 
center,  as  the  source  was  moved  in  the  beam  direction.  The  effective 
target  thickness  was  assumed  to  be  the  width  of  a  rectauigle  with  the 
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same  area  and  height  as  the  experimentally  measured  trapezoid  which 
resulted  in  an  effective  target  thickness  of  1.01  ±  .03  in.  (flee  Chapter 
III.) 

The  solid  angle  was  not  corrected  for  the  second-order  effects 
arising  from  finite  target  and  beam  width  since  this  correction  is  less 
than  Ijl  for  all  the  conditions  of  this  experiment.  For  a  spectrometer 
with  field  index  n  =  l/2. 


‘41  ’ 


(11) 


where  is  the  effective  source  distance,  the  half -width  of  the 

electron  beam,  r^  the  radius  of  curvature  of  the  magnet,  and  the 
area  of  the  magnet  aperture.  For  small  , 


The  maximum  encountered  in  this  experiment  is  1  in.)  therefore, 

<^>  *  (l.0003)i50Q  . 


2.4  Target  energy- loss  ceJ.ib ration.  The  wall  thickness  of  the  gas  chaniber 
was  determined  by  placing  the  a-particle  source  in  the  center  of  a  chaidber 
of  the  same  dimensions,  and  fabricated  by  the  same  method  as  the  signal- 
gas  chambers,  but  with  removable  top  to  facilitate  insertion  of  the 
source.  Originally,  it  was  planned  to  de-cermine  the  energy- loss  in  both 
the  gas  and  the  target  wall  by  this  method,  but  time  limitations  euid  the 
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relatively  short  range  of  5‘8l-Mev  a  particles  precluded  these  attempts. 

The  mean  energy  of  the  a  particles  which  had  traversed  the  wall  was 

determined  by  measurements  with  the  spectrometer  magnet  to  be  3*36  Ifev. 

This  corresponds  to  a  mean  energy- loss  in  the  target  wall  of  2.kk  Mev 

for  5*8l-llev  a  particles  (see  Fig.  5)*  The  301  stainless- steel  foil 

which  constituted  the  gas-chamber  wall  was  directly  measured  before  the 

soldering  operation  to  be  12$  thicker  than  the  value  obtained  from  the 

a-partlcle  energy- loss  data.  The  velocity  of  a  3*36-Mbv  a  particle  is 
9  ! 

1.29  X  10  cm/ sec,  at  which  velocity  the  effective  charge  due  to  rcmdom 
pick-up  and  loss  of  electrons  is  1.97  so  that  this  effect  cannot 
entirely  explain  the  observed  discrepancy.  Finite  a- source  width  (.47 
in. )  and  teurget  curvature  increase  the  effective  wall  thickness  by  about 
1)(.  The  most  likely  explanation  of  the  discrepancy  between  the  direct 
and  a-partlcle  energy- loss  measurements  is  an  error  in  the  ionization 
potential  or  attrition  of  the  wall  materiad  by  oxidation  during  the 
soldering  operation.  The  wall  thickness  determined  by  the  a-partlcle 
measurements  was  used  in  cooqputlag  the  proton  energy  losses  in  the 
target  wall. 

The  Integrated  non-relativlstlc  form  of  the  well-known  Bethe-Bloch 
fomula 
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was  used  to  csdculate  the  proton' s  energy  losses  in  the  gas  and  gas- 
chamber  wall.  In  this  fonmila  El  is  the  extensively  tabulated  expo¬ 
nential  Integral;  Ax  is  the  mass  per  unit  area  and  I  the  lonlaatlon 


-  24  - 


FIGURE  5 
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potential  of  the  matter  the  proton  traversed,  and  the  other  symbols 

have  their  usual  meaning  (m  /M  Is  the  ratio  of  electron  to  proton 

e  p 

mass  and  is  equal  to  I/1836,  fi  is  Planck's  constant/ 2n  ,  c  is  the 
velocity  of  light  in  a  vacuum,  is  Avogadro' s  number,  and  Z  and 

A  are  the  atomic  and  mass  number  of  the  stopping  matter) .  The  proton 
energy  loss  in  the  polystyrene  (CH)  and  teflon  (CFg)  foils  was  calculated 

26 

with  the  data  of  Rich  suid  Madey.  For  teflon,  the  formula 


\d|  /CF^ 
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was  used.  For  the  gaseous  boroethane  target,  the  approximate 

formula 
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was  used.  The  values  of  the  ionization  potentials  employed  were 
Ij,  =  76.2,  Iq  =  97.6,  Ip  -  108.4,  -  119,  =  187,  and  Ipg  *  24l  ev. 

One  hsdf  the  total  effective  tau^et  thickness  was  used  for  Ax  for  the 
solid  targets,  while  .9^  of  the  gas-target  radius  was  used  for  Ax  for 
the  gas  targets. 


C.  Ported  Scattering-Chamber  Design 

Motivated  by  the  desire  to  extend  angular  distributions  to  more 
extroae  forward  euid  backward  amgles  than  were  cu:cesslble  with  existing 
scattering  chanibers  and  to  eliminate  as  much  of  the  matter  the  beam 
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traversed  before  the  target  as  possible  —  for  both  these  proton  e:q)erl- 
ments  and  inelastic  electron  scattering  experiments  — -  a  ported  scatter¬ 
ing  chamber  vas  designed.  In  the  design  vhlch  was  adopted  the  electron 
beam  pipe  was  directly  connected  to  one  of  the  scattering-chamber  ports, 
depending  on  the  selected  scattering  angle,  and  the  spectrometer  and 
accelerator  vacuums  were  continuous.  While  this  arrangement  satisfies 
the  two  design  objectives  admirably.  It  increases  the  difficulty  of 
angular  changes  greatly  but  not  prohibitively.  Other  ii^ortant  design 
considerations  are  the  solid  angle  subtended  by  the  target  suid  output 
window,  and  a  suitable  range  of  scattering  angles.  Ihe  target  output- 
window  solid  angle  Is  essentially  Independent  of  the  scatterlng-chaafcer 
radius,  the  window  diameter  being  proportional  to  the  radius,  but  the 
existing  apparatus  and  surface  area  needed  for  an  0-rlng  V6u:uum  seal 
dictated  a  chaalJer  radius  of  ID  In.  Angles  of  20*,  W*,  7$*,  104*,  132*, 
and  l6o*  were  accessible  with  a  synnetrlc  eurrangement  of  ports  arouzui 
the  spectrometer  Input  channel.  In  order  to  extend  tlie  angular  range 
to  Include  the  Inteipolated  half -angles,  the  qpectrometer  Input  channel 
and  the  two  adjacent  ports  were  made  removable  so  that  an  Insert  with  a 
spectrometer  liqput  channel  shifted  by  l4*  could  be  Installed.  Ihe 
origlnsLl  Intention  to  incorporate  the  spectrometer  and  accelerator  vacuum 
systons  was  abandoned  because  a  msall  leak  In  the  spectrometer-magnet 
vacuum  system  necessitated  separating  the  EDI  and  accelerator  vetcuum 
systems  from  the  spectrometer  vacuum  system  by  a  .001-ln.  A1  window  to 
obtain  reliable  SEN  performance. 
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D.  Gas-Target  Design 


The  most  prevalent  configuration  for  gas  targets  in  this  laboratory 
is  a  cylinder  orientated  so  that  the  electron  beam  passes  through  parallel 
to  its  longitudinal  synsnetry  axis,  this  design  being  desirable  for  elec¬ 
tron  scatterers  because  of  the  large  effective  target  length  and  because, 
in  general,  energy  loss  in  the  walls  for  electrons  at  higher  energies  is 
not  a  serious  problem  even  at  extreme  angles.  For  the  study  of  the 

2 

(e,pe')  reaction,  however,  an  effective  target  thickness  of  5  mg/cm 
provides  an  ample  counting  rate  in  most  cases,  and  energy-loss  considera¬ 
tions  are  paramount.  These  considerations  intply  that  a  cylinder  with 
the  beam  passing  through  perx>endlcularly  to  the  longitudinal  axis  would 
be  an  experimentally  propitious  arrangemsnt.  Since  stressed  organic 
materials  quickly  fall  under  high-energy  electron  bosibardment,  thin 
metallic  foils  were  Indicated  for  the  window  material.  Preliminary 
experiments  were  meule  with  a  target  chainber  fabricated  from  a  2- in. 
diameter,  0.06-ln.  wall  stainless- steel  cylinder,  2- in.  high,  with  a 
window  opening  1-ln.  high  and  extending  around  the  cylinder  circumference 
except  for  a  1-ln.  svpporting  web.  The  window  materled  was  0.0002^  in. 

X 

of  301  stainless  steel.  "  This  target  chamber  design  showed  that  the 
limited  vertical  clearance  and  supporting  web  were  a  source  of  copious 
background.  The  subsequently  developed  target  had  a  vertical  clearance 
of  1-1/2  in.  and  a  single  gold-silver  soldered  watll-seam  and  no  supporting 
web.  This  configuration  was  probably  mechanlccUJLy  superior  to  the  sup¬ 
porting  web  construction  because  it  allowed  the  tcurgets  to  assume  a  more 
synmetrlc  and  hence  more  mechanically  desirable  shape.  Beuskgroxmd  from 
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the  target  vails  vas  unavoidable  at  extreme  angles;  but;  with  a  suitable 
choice  of  target  radius  and  fqpectrooeter  baffles.  It  could  largely  be 
eliminated  at  eusgles  nearly  pezpendlcular  to  the  beam.  In  order  to 
restrict  the  ^ectroneter*  s  view  of  the  target  walls  a  lead  baffle  vas 
placed  in  the  spectrometer  entrance  port,  6.9^  in.  frcm  the  scattering- 
ehsai)6r  center,  experiment  indicated  that  a  lead  baffle  with  a  rectangu¬ 
lar  hole  of  horizontal  dimension  .880  in.  and  vertical  dimension  1.97^  in. 
would  reduce  the  background  counting  rate  by  a  factor  of  while  only 
reducing  the  effective  spectrometer  solid  angle  (the  residual  back¬ 
ground  vas  twice  background  from  external  sources  alone  under  these 
conditions).  For  an  ejq^riment  with  equal  signal  and  background  rates 
this  arrangement  would  reduce  signal  statistical  errors  to  of  those 
of  the  unbaffled  arrangoKnt.  Backgrouzid  from  target  walls  became  more 
virulent  when  angular  distributions  veze  measured;  since  in  the  forward 
and  backward  directions  the  spectrometer  could  clearly  "see"  the  target 
walls.  However;  at  these  angles  the  effective  target  length  increased 
enough  so  that  a  workable  slgnal-to-nolse  ratio  was  malntalxied. 

Two  similar  target  chashers,  one  containing  the  signal  gas  and  the 
other  for  background  measurements,  were  used  in  (e;pe' )  experiments. 
Both  chaidiers  were  Inflated  to  nearly  eq]ual  pressures  so  that  they  would 
have  nearly  Identical  shapes  and  were  interchanged  occasionally  to  test 
their  (e;pe')  similarity.  As  would  be  expected  under  baffled  conditions, 
the  slight  difference  in  gas-target  shape  and  construction  produced  only 
a  slight  (2)()  statistically  unreliable  difference  between  Hg  background 
rates  for  the  two  targets,  inie  background  counting  rate  due  to  electron 
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pile-up  is  not  expected  to  depend  greatly  on  multiple  scatt<^ring  of  the 
primary  electron  beam  in  the  target,  assuming  that  the  primary  target 
background  contribution  is  to  multiple- scatter  the  incident  beam  rather 
them  to  Mott- scatter  it,  the  latter  process  being  iaportant  in  the  thick 
walls  of  the  scattering  chamber  beyond  the  target  amd  in  the  .001-in.  (Fe) 
exit  window.  Multiple-scattering  of  the  electron  beam  before  Mott- 
scattering  changes  the  (cos  d/2)/(sin  9/2)  angular  dependence  of  the 
Mott  cross  section  to 
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where  o  is  the  multiple-scattering  rms  angle  [Eq.  (^)],  and  provided 
0  »  (T  .  Therefore,  the  electron  pile-up  background  rate  should  not  be 
increased  significantly  by  multiple  scattering  in  the  target.  Mott- 
scattered  electron  intensities  were  lOO-times  greater  from  the  target 
gases  than  from  H;  t-ut  single  electron- scattering  events  in  the  target 
contributed  negligibly  to  the  background,  and  consequently  no  background 
subtraction  bias  was  expected  from  this  source. 

The  background  subtz^tion  method  used  with  the  gas  target  was 
clearly  vedid  as  the  above  considerations  showed.  The  teuget-ln  target- 
out  method  of  backgroxmd  subtraction  used  with  the  solid  targets  was 
experimentally  confirmed  with  the  CH  teurget  by  using  an  incident  electron 
energy  of  24.^  Nev  and  searching  with  a  null  result  for  signal  above  the 
proton  threshold. 
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The  target  wall  curvature  decreased  the  overall  resolution  very- 
little.  Since  the  beam-spot  was  small  compared  to  the  dimensions  of  the 
gas  container  (a  probable  beam  half -width  of  3/l6  in.  con^ared  to  the 
1-in.  chamber  reuiius),  and  since  the  energy  lose  in  the  target  wall  in 
the  normal  direction  was  nearly  equal  to  the  energy  loss  in  the  target 
gas  in  a  target  radius  distance,  then  ^dE/dx)/(dE/dx)  varied  like 
-l/8(d/R)^j  so  that  the  energy  lose  wa^  sensibly  constant  out  to  a  dis¬ 
tance  of  .JRf  where  Z(dE/dx)/(dE/dx)  =  3%)  and  where  the  efficiency  of 
the  spectrometer  at  76*  for  detecting  protons  was  only  25^6. 

The  actual  fabrication  of  the  gas  target  chambers  was  carried  out 
in  the  High-Energy  Physics  Laboratory  Tube  Shop  by  William  Ewing.  It 
was  experimentally  shown  that  th  gas  containers  would  hold  approximately 
four  atmospheres,  indicating  that  the  yield  strength  of  stainless  steel 
can  be  scaled  almost  linearly  with  thickness  in  this  thickness  region, 
a  similar  target  of  approximately  .^-in.  radius  and  .001  in.  thickness 
having  held  22  a-tmospheres. 

E.  Description  of  Targets 

Table  II  contains  a  description  of  the  targets  used  in  our  experi¬ 
ments.  The  pressure  of  the  gaseous  targets  was  recorded  with  a  Bourdon 
tube  gauge  (the  manufacturer's  estimated  absolute  accuracy  was  ±  .05  Ib/ln.*^) 
and  Hg  barometer  at  frequent  intervals.  The  temperature  of  the  air  near 
the  scattering  chamber  was  recorded  and  not  the  temperature  of  the  target 
gas;  but  inaccurcurles  due  to  teiiQ>erature  lags  between  the  air  and  the 
target-cell  environment  were  small  (total  daily  temperature  variations 
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were  less  than  15 *C),  euid  the  data-conhlnation  method  tended  to  average 
these  errors  to  zero.  The  average  of  the  Individual  runs  for  each  counter 
at  each  datum  point  was  corrected  to  NTP  using  the  average  temperature 
and  pressure  conditions  encountered  during  the  datum  point  run. 

F.  The  Method  of  Data  Combination 

The  data  from  the  eight  counters  were  grouped  Into  energy  bins  less 
than  1)(  wide  which  contained  on  the  average  data  from  three  counters. 

Each  proton-energy  interval  was  corrected  for  target-energy  losses,  and 
the  datum  from  ecK:h  counter  in  the  energy  Interval  was  multiplied  by  the 
reciprocal  of  the  relative  counter  efficiency  (dE/E)AD  ,  and  the  mean 
datum  point  for  this  energy  interval  was  computed  in  the  usual  way 
(W  «  EP^Wj^/EP^  ,  where  the  P^  ' s  are  the  reciprocals  of  the  squares  of 
the  standard  deviations  associated  with  the  's).  'Hie  relative 
efficiencies  of  the  counters  were  obtained  from  the  A1  data-runs  by 
plotting  the  ratios  of  the  counting  rates  of  the  other  counter  to  counter 
7.  The  modulation  of  the  ratios  due  to  small  random  variations  in  counter 
7' s  efficiencies  were  removed  by  renormalization  of  the  ratios  with  sub¬ 
sequent  renormalization  of  counter  7'8  efficiency.  The  experimental  data 
are  shown  in  Figs.  6  and  7>  The  renormalized  efficiencies  of  the  counters 
with  a  Pb-barfl«v  described  in  Section  D  above,  were  .31>  -^2,  .5^,  -70, 

.85,  .Sk,  1.00,  and  .98;  without  a  Fb->^  -’fie  they  were  .30,  .^1,  .53>  '71, 
•87,  .93,  1.00,  and  1.01.  Therefore,  the  counting  statistics  for  the 
combined  data  should  or  2  ’  times  better  than  those  of  counter 

7.  In  fact,  since  the  ratios  of  the  counters  were  constant  over  the 
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RATIO  OF  n***  COUNTER  TO  COUNTER  *7 


PROTOM  ENERGY  (MEV) 


energy  range  employed,  the  assiimptlon  of  100^  counting  efficiencies, 
made  highly  plausible  by  Integral  discriminator  curves  with  wide  plateaus, 
was  supported;  and  furthermore,  since  the  experimental  points  for  the 
same  energy  were  taken  at  different  times,  the  confidence  level  attached 
to  the  data  Is  somewhat  greater  than  If  5.1^  times  as  many  counts  were 
accumulated  on  one  counter. 

In  the  region  below  13.O  mv  spectrometer  shunt  current,  the  proton 
pulses  In  the  scintillators  were  the  same  order  of  magnitude  as  electron 
plle-up  pulses;  and,  therefore,  the  bau:kground  rate  was  slightly  sensi¬ 
tive  to  beam  alignment,  which  could  depend  on  gun  and  accelerator  tune- 
up  parameters.  Therefore,  It  Is  e:qpected  that  the  standard  deviations 
computed  from  the  variation  in  the  standard,  272-^icoul  runs  (about  20 
signal  and  20  background,  standard  runs  In  this  region)  would  be  larger 
than  those  e]q>ected  from  counting  statistics.  While  uncertainties  In 
the  bramflitng  ratios  to  ground  and  excited  states  of  the  residual  nucleus 
vitiate  the  practical  vedue  of  euiy  statistical  test  for  goodness  of  fit, 
since  the  cross  section  to  a  definite  final  state  Is  the  more  Interesting 
Information,  a  comparison  of  the  standard  deviations  predicted  by  Poisson 
statistics  and  those  computed  from  Internal  consistency  in  the  usual 
fashion  at  different  spectrometer  shunt  voltages  are  given  in  Table  III 
for  the  Ke  energy  distribution.  It  Is  obvious  that  the  errors  on  the 
first  six  points  of  the  Ne  energy  distribution,  which  were  computed  by 
assuming  Poisson  statistics,  should  be  Increased  by  a  factor  of  2. 
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G.  Shielding  Improvements 


Pilot-B  CH  scintillators^^  were  used  for  proton  detectors;  and  since 
(n,p)  cross  sections  are  l4  b  at  .1  Mev,  4  b  at  1  Mev,  and  1  b  at  10  Mev, 
appreciable  background  could  result  from  knock-on  protons.  For  this 
reason  the  amount  of  borax-paraffine  neutron  shielding  in  the  laboratory 
was  greatly  Increased.  This  shielding^  gradually  increased  over  a  period 
of  time,  reduced  the  background  by  an  appreciable  factor  for  =  30  Mev. 
Estimates  of  the  background  due  to  (n,p)  events  can  be  made  with  the  use 
of  the  following  assumptions: 

(1)  ISie  origin  of  all  neutrons  in  the  paraffine  beam-atdpplng 
material  and  a  meeui  neutron  energy  of  6  Mev. 

(2)  The  neutron  yields  in  C  measured  by  Barber  and  George.”^ 

(3)  A  discriminator  cut-off  corresponding  to  the  energy  loss  of  a 
2-Mev  proton. 

(4)  The  same  angular  distribution  for  the  (7,n)  reaction  as  for  the 
(7,p)  reaction. 

(^)  A  geometric  factor  of  l/2  to  estimate  losses  Incurred  because 
the  range  of  a  4-Mev  proton  is  the  order  of  the  scintillator  thickness. 

(6)  A  factor  of  2/3  to  account  for  (n,p)  events  which  result  in  a 
recoil  proton  with  energy  greater  them  2  Mev. 

(7)  Target-cave  and  target- scintillator  distances  of  8  and  4.8  ft, 
respectively. 

-13 

Making  these  assuniptlons,  we  calculate  4  x  10  (l  -  .88  cos  6 
2  2 

.40  sin  0)/(l  -  .88  cos  0)  counts  per  electron,  where  0  is  the  angle 
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between  the  spectrometer  and  electron  beam,  were  produced  by  knock-ons 
in  the  unshielded  scintillators.  The  average  .003-ln.  A1  proton- counting 
rate  was  approximately  5  X  10  '^/electron  at  76“,  compared  to  the 
6  X  10  to  be  expected  from  (n,p)  events  without  shielding. 

Preliminary  runs,  with  the  spectrometer  shielding  of  20  in.  of  borated 

paraffine,  4  in.  of  lead,  and  2  in.  of  iron  in  place,  indicated  that  a 

larger  component  of  the  ambient  background  (background  not  originating  in 

the  target  area)  was  a  function  of  spectrometer  angle  them  predicted  by 

the  above  calculation.  Therefore,  an  eidditional  4-in.  Pb  shielding-wall 

was  built  along  the  output-wall  of  the  cave  housing  the  achromatic  beam- 

translation  system  and  the  former  collimator  shielding-wall  was  moved 

23 

nearer  the  collimator  and  thickened.  It  was  experimentally  determined 
that  the  scraping  slits  located  about  two  feet  in  front  of  the  second 
magnet  added  appreciably  to  the  background  counting  rate,  and  in  an 
especially  noxious  way,  the  beujkground  rate  not  being  strictly  a  function 
of  the  SEM  beam  current,  but  a  slight  function  of  accelerator  tune-up 
conditions;  therefore,  these  slits  were  retracted.  Probably  the  largest 
contribution  to  background  reduction  was  the  construction  of  a  beam¬ 
stopping  cave  with  walls  composed  of  two  1-ft-thick  layers  of  a  borauc  and 
paraffine  mixture  separated  by  a  4- in.  layer  of  lead. 
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CHAPTER  III 


EXPERIMERTAL  RESULTS  AND  DISCUSSION 
A.  Excitation  and  Energy  Distribution  E^eriments 

In  moat  cases  we  Interpreted  our  (e,pe’)  excitation-experiment  data 
by  assuming  that  only  E-1  transitions  are  important  in  the  giant-resonance 
region.  As  mentioned  previously,  the  electron  virtusd-photon  spectrum, 
unllhe  the  real-photon  spectrum,  depends  on  the  multipole  order  of  the 
transition  Induced.  Consequently  reeu:tlon  multipolarities  could  theore¬ 
tically  be  determined  by  electron-excitation  experiments  alone  and  the 
validity  of  the  assunptlon  of  only  E-1  transitions  in  the  giant  resonance 
region  investigated;  however,  in  practice,  the  electron-excitation  method 
of  multipolarity  detemlnatlon  is  difficult.  In  particular,  electron- 
induced  E-1  and  M-1  transitions  can  be  separated  and  identified  only  if 
the  (7,p}  branching  ratios  to  excited  states,  and  the  fractional  errors 
resulting  from  yield  counting  statistics  are  «  2/[(w/u)*  +  u)’/u))>  -  2]  — 
since  the  E-1  and  N-1  virtual-photon  spectra  are  approximately  propor¬ 
tional  to  {«/«'  +  «*/«)^  -  2  and  (w/w'  +  u*/w)A  ,  respectively  [X  la 
defined  in  Eq.  (4)]  —  and  if  higher  multipoles  do  not  become  important 
at  electron  energies  high  enou£^  to  satisfy  this  criterion. 

In  addition,  (f  |i),  the  matrix  element  of  the  current  operator 

between  Initled  nuclear  and  final  nuclear-nucleon  states,  is  evaluated  for 
1^1  *  [p^  +  P'^  -  2pp'  cos  0]^^^  in  electron- induced  transitions  eund  for 
|k|  =  ,  the  energy  transfer,  in  photon- induced  tremsitions.  Deviations 

of  the  ratio  of  the  square  of  (f  |l),  evaluated  for  those  values 
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of  i^l  which  are  effective  in  electron- induced  transitions,  to  the 
square  of  (f |5(5,kQ) |l),  evaluated  for  the  value  of  |^|  which  is 
effective  in  photon- Induced  transitions,  from  unity  must  be  small  for 

the  above  considerations  to  apply.  The  stacked  foil  experiments  of 

oo  12 

fiaiber  have  shown  this  to  be  a  good  approximation  for  C  for  electron 

enei^les  below  ~  60  Mev. 

E]q>erlmental  instabilities  partially  nullified  the  accrimulatlon  of 
enough  counting  statistics  emd,  in  most  cases,  excited-state  bremching 
ratios  appeared  to  be  too  large  to  satisfy  the  above  criterion.  !niere- 
fore,  we  assumed  E-1  excitation  and  Interpreted  deviation  of  the  proton 
yield  from  an  E-1  Isochromat  as  attributable  to  em  euidltional  E-1  transi¬ 
tion  in  which  the  residual  nucleus  was  left  in  an  excited  state.  Usually 
a  definite  break  in  the  yield  curve  occurred  when  deviations  were  observed; 
and,  since  the  general  E-1  character  of  the  giant  resonance  is  alleged  to 
be  well  established,  the  above  assunptlon  is  highly  plausible.  However, 
our  results  do  not  exclude  the  possibility  of  other  than  B-1  excitation 
in  Isolated  proton  peaks.. 

Furthermore,  the  correct  virtual-photon  spectrum  is  also  dependent 

on  the  angle  between  xhe  primary  electron  beam  and  the  reaction  product, 

as  explained  in  the  Introduction  (Chapter  l),  in  contrast  to  the  theories 

17  33 

of  Salltz  and  Yennle  and  especially  Blair,  which  was  specially  derived 
for  application  to  stacked-foil  ej^eriments  where  the  e;q;>eriment  integ¬ 
rates  over  both  reaction-product  and  scattered-electron  directions.  The 
fractional  error  made  in  applying  the  Blair  E-1  virtual-photon  spectrum 
to  the  reaction  product  observed  at  Em  smgle  is 
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[a(E)  +  P(E)  sin^  0  ][(w/w’  +  w•/a))^  -  2]  +  (w«/a))(l  -  |  sin^  0_)3(E) 


where  a(E)  and  0(E)  are  defined  in  Bq,.  (2).  In  the  case  where 
Ci(E)  «  0(E)  ,  such  as  the  D  (7,p)n,  large  deviations  could  occur;  but 
for  the  elements  of  this  e:q>erlment  the  maximum  error  is  4^,  which  is 
probably  smaller  than  arises  from  the  assuaqption  of  only  E-1  treuisitions. 
Therefore,  the  reaction  product  angle- independent  approximation  to  the 
E-1  virtual-photon  spectrum  was  used  at  76®,  where  energy  distribution 
and  excitation  experiments  were  executed. 

Multiple  scattering  of  the  incident  electron  beam  altered  the  E-1 
virtual-photon,  differential  spectrum  negligibly  and  was  not  a  cause  of 
error,  the  reaction-product,  angle- independent  differential  spectrum 
being  transformed  from 


Q  «$  , 


where  d  is  the  angle  between  incident  and  scattered  electron,,  and  a 
is  the  rms  multiple- scattering  angle. 


3.1  Oxygen .  Our  e3q)erimental  results  for  the  0  (e,pe*)  yield  (Fig.  8), 
with  an  initial  electron  energy  E  »  30  Nev,  are  in  essential  agreement 
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with  the  gross  features  of  earlier^^  and  conteaqporary^^  ()'/P)  work, 
although  our  superior  resolution  and  counting  statistics  enabled  us  to 

I 

resolve  a  small  peak  at  10.2^  Me/  on  the  hlg^-energy  side  of  the  large 
resonance  at  9.^3  Mev,  usually  alleged  to  be  the  0  giant  resonance.  The  ^ 

energy  spectrum  at  46*  (Fig.  9)  confirms  the  existence  of  this  small  peedc  ^ 

i 

f 

6uid  extends  the  spectrum  to  a  proton  energy  of  l4  Mev,  shoving  the  smooth 
yield  decrease  above  the  11.30-Mev  peak.  Peaks  occur  at  proton  energies 
of  4.85,  5.60,  6.45,  7*00,  8.30,  9*53>  10.25,  and  11. 50  Mev,  correspond¬ 
ing,  In  the  case  of  ground-state  transitions,  to  photon  energies  of  17«27, 

18.07,  18.99,  19.57,  20.65,  22.30,  23.10,  and  24.35  Mev.  Oeller^^  has 

applied  second-order  difference  analysis  of  the  bremsstrahlung  yields  to 
the  0^^  (7,n)  reaction  and  obtained  peaks  at  I8.II,  I8.91,  19.60,  20.70, 
and  22.4  Mev,  the  first  three  consecutive,  the  last  two  Interstlced 
betveen  other  peaks  of  unspecified  widths.  Tbe  agreement  between  pealts 
in  o’(7,p)  of  our  experiment  and  o’(7,n)  as  derived  by  Geller  provides 
support  for  charge  symmetry  of  nuclear  forces.  The  o’(7,n)  of  Milone  et 
al.'^  at  a  br^nsstrahlung  endpoint  energy  of  31  Mev  Is  not  in  agreement 
with  our  proton  spectra;  but  because  of  the  statistics  of  the  (7,n)  experi¬ 
ment  the  difference  Is  probably  not  significant. 

Excitation  of  the  9.58-Mev  0  protons  (Fig.  10)  indicates  ground- 
state  transitions  up  to  an  excitation  energy  of  31.8  ±  .5  Mev,  above 
which  approximately  8^  of  the  proton  yield  leaves  the  residual  nucleus 

with  9.5  i  .5  Mev  of  excitation.  Extreme  single-particle  photonuclear 
theory  requires  to  be  left  In  a  state  of  negative  peurlty  and  spin 
3/2  or  1/2.  levels  with  unassigned  spin  and  parity  exist  at  9.16  euid 
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and  9 *81  Mev,  and  consequently  single-particle  excitation  implies  one 
or  both  of  these  levels  should  be  l/2  or  3/2".  Unfortunately  the  counter 
system  strsuidled  the  10.25-Mev  proton  peadc  during  excitation  experiments; 
but  the  straddling  counters  at  10.00  and  10.55  Mev  (Pig.  11)  indicated 
ground-state  transitions  for  excitation  energies  up  to  approximately  33 
Mev  for  the  10.00-Mev  protons,  and  approximately  30  ±  .5  Mev  for  the 
10.55-Mev  group,  with  about  a  branching  ratio  to  the  6.33  Mev  S  5/2~ 
state  of  However,  these  counters  were  on  steep  portions  of  the 

energy  distribution  and  small  diurnal  spectronteter-field  instabilities 
could  have  produced  large  errors  in  the  yield.  The  11.50-Mev  proton 
yield  (Fig.  10)  follows  a  24.4-Mev  isochroJnat  in  the  range  of  excitation 
energies  of  this  experiment,  corresponding  to  ground-state  transitions. 

The  12.33-Mev  protons  also  leave  1.^5 

in  the  ground  state  (Pig.  12)  with 

slight  evidence  for  excited-state  transitions  for  electron  bombarding 
energies  above  34  Mev.  Table  IV  suomarizes  the  excitation  characteristics 
of  the  0  protons  for  greater  than  9*53  Mev. 

Excitation  functions  at  proton  energies  lower  than  7*^  Mev  could 
have  clarified  the  synthesis  of  data  of  other  experimental  workers  by 
Fuller  and  Hayward  who  conjectured  that  a  large  frsustion  of  these  lower- 
energy  protons  were  produced  by  the  absorption  of  photons  in  the  region 
of  25.2  Mev  with  the  residue^,  nucleus  left  in  an  excited  state. 
E3q>erlmental  running-time  limitations  precluded  low-energy  proton  excita¬ 
tion  experiments;  but  the  data  synthesized  in  reference  39  cAn  coohlned 
with  ours  to  place  qualitative  limits  on  the  ratio  of  (do'/dn).^^*  at  photon 
energies  of  22.4  and  25.3  Mev.  The  unlikely  assumption  that  the  entire 
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yield  of  protons  in  the  7*3-Mev  region  is  attributsble  to  tremsitions 
with  the  left  in  an  excited  state  leeuis  to  an  upper  limit  for  the 
ratio  of  1:1.  This  ratio  is  Insensitive  to  exactly  which  excited  states 
are  fed  because  of  ths  relatively  flat  yield  in  the  region  in  which  the 
final-state  properties  of  the  proton  are  uncertain.  Ihe  conclusions  above 
are  only  valid  if  none  of  the  protons  with  Ep  <  5  Mev  are  produced  by  the 
absorption  of  25.2-Mev  photons. 

nie  proton  radiative  capture  reaction  on  has  been  studied  by 
Thomas  et  al.  in  the  photon-energy  reuage  of  17*0  to  19-7  Mev,  and  by 

Cohen  ^  for  photon  energies  between  21  and  26  Mev.  Discrepancies 

between  the  detailed  shapes  of  the  experimental  (7>Pq)  and  (p^,  y)  cross 
sections  do  exist,  particularly  for  photon  energies  in  the  region  of  25 
Mevj  but  elsewhere,  except  for  relative  peak  size  differences,  the  agree¬ 
ment  is  fair  when  the  proton  energies  of  the  direct  reaction  are  multi- 
plied  by  the  kinematic  factor  of  {k/k-l)  *  1.139  needed  for  comparison 

with  proton  energies  of  the  capture  reaction.  Detailed  balance  predicts 


dff  \ 

dfl/y^Po 


(IB) 


for  0,  from  which  Cohen  et  al.  obtained  for  the  9'53-Mev  peak  (dff/dfl) 

//Pq 

■  l4  mb/4rt  sr  ■  1.12  mb/sr  at  90*,  to  be  compared  with  our  1.32  mb/sr. 

The  Integrated  cross  sections  and  widths  of  eui  approximate  resonance- 
curve  fit  to  the  data  for  22  <  <  25  Mev  are  given  in  Table  V.  IHie 

difficulty  in  fitting  a  single  resonsmce  curve  to  the  region  around  22.3 
Mev,  and  the  appearance  of  a  slight  inflection  on  the  lower-energy  side 
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of  thif  peak  suggest  unresolved  structure.  To  unfold  the  contributions 
of  the  finite  spectrometer  resolution  and  the  finite  electron-beam  width 
to  the  intrinsic  width  of  the  peaks,  we  geometrically  subtracted  twice 
^/p  ,  which  is  nonrelativlstically  ^/E  ,  as  given  by  the  full  width 

plik  . 

at  half -maximum  height  of  the  Cm  a-particle  momentum  spectrum  - 
.024e  for  counter  7;  Fig.  2)  and  alegbraically  subtracted  the  proton 
energy  loss  in  an  electron-beam  width  of  the  gas  (at  experimental  TP). 

For  the  latter  correction  we  assumed  a  uniform  electron-beam  intensity 
distribution  which  overestimated  the  resolution  degradation  produced  by 
finite  electron-beam  width.  With  the  use  of  these  crude  estimates,  we 
find  the  intrinsic  photon  widths  of  the  peaks  described  in  Table  V  to  be 
.62,  .17,  and  .79  Mev,  respectively. 

The  assuBiptlon  that  only  0^^  (7»p)  transitions  occur  which  leave 
in  the  ground  state  for  excitation  energies  up  to  30  Mev  leads  to  the 
differential  cross  sections  at  76*  and  48*  shown  in  Figs.  13  and  l4.  We 
obtained  for  0^^ 

Mev-mb/sr  at  76*,  or 

o-(7,p)dE^  -  56  ±  11  (19) 

16.6  ^ 

16  31 

Mev-nb,  assuming  our  angular  distributions.  For  0  /  '*'  cr(7,n)d£^, 

42  43 

Fuchs  and  Seilander  obtained  6l  ±  7  Mev-mb,  while  Carver  euid  Lokan 

obtained  46  ±  7  Mev-mb.  !Diese  values  of  /  a(7,p)dE^  and  /  a(7,n)dE^ 

for  0  are  not  in  serious  conflict  with  the  requirements  of  charge  symnetry. 
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3-2  Fluorine .  The  F  proton  energy  spectrum  was  investigated  at  three 


Initial  electron  energies,  l8,  24.5.  and  30  Mev  (Figs.  15  and  l6).  The 
24.5-Mev  data  contain  statistically  significant  peeJcs  at  3*25»  3-7>  ^•5> 
€uid  7*3  Mev  (ground- state-transit ion  photon  energies  of  11.42,  11. 90, 
12.74,  and  15.70  Mev),  while  less  reliable  evidence  exists  for  a  consid¬ 
erable  amount  of  fine  structure.  The  30-Mev  spectrum  confirms  the 
essential  features  of  the  24.5-Mev  ^ectrum  and  contains  additional 
structure  at  higher  proton  energies,  in  particular  a  peak  at  10.1  Mev 
(ground- state  transition  energy  18.7  Mev).  While  the  large  statistical 
errors  of  previous  F  (7,p)  work  vitiate  a  detailed  comparison  with  our 

results,  the  agreement  in  proton  energies  of  the  peaks  is  good.  Forkman 
44 

and  Wahlstrdm  observed  peaks  at  photon  energies  of  11.4,  II.9,  12.8, 

13.6,  15.4,  and  18.1  Mev.  The  F  irCy^n)  has  not  been  made  with  the  refined 

techniques  of  Oeller,^'^  but  breaks  do  occur  in  the  F  i7,n)  activation 

4s  46 

curves  at  11. 5>  11. 9>  12.2,  and  15.3  Mev. 

No  excitation  ejqperlments  were  undertaken  per  se,  but  the  three 

energy  spectra  can  give  seml-quantltatlve  final-state  information.  ISie 

yields  of  the  7.25-Mev  F  protons  at  »  18,  24.5  and  30  Mev  are  in  the 

proportion  of  l/(3.4  ±  .4)/(5.9  *  .8)i  while  E-1  virtual-photon  spectra 

at  these  electron  energies  conputed  for  a  momentum  transfer  coirespondlng 

IB 

to  a  transition  in  which  0  is  left  in  the  ground  state  are  in  the  pro¬ 
portion  of  1/1.81/3.48.  "nie  experimental  yield  ratio  for  electron 
energies  of  30  euid  24.5  Mev  is  1.7  ±  *3#  while  the  E-1  virtual-photon 
spectra  predict  a  ratio  of  1.93.  ^is  indicates  to  first  order  that  the 
important  transitions  for  7.25-Mev  protons  are  those  in  which  the  residual 
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nucleus  0  is  left  in  the  ground  state  or  in  an  excited  state  with  less 

than  6  Mev  of  excitation  energy.  This  situation  seems  to  prevail  in  the 

energy  range  where  data  at  the  three  excitation  energies  are  available. 

The  differential  cross  section  at  76*,  derived  by  making  the  erroneous 

assumption  of  100^6  ground-state  transitions  for  illustrative  purposesi 

is  given  in  Fig.  17-  The  0^  ground  state,  2*  1.98-Mev  level,  and 

3.55-Mev  level  in  0"^  belong  to  the  d^y^  valence  nucleon  configuration 

in  the  shell  model  scheme  and  thus  not  expected  to  be  greatly  populated 

by  the  photonuclear  effect,  which  according  to  Wilkinson^®  involves 

predominantly  excitation  of  the  closed  shell  or  core  nucleons.  Several 

1"  0  levels  below  6  Mev  exist  which  could  correspond  to  hole  states  of 

the  0^^  core,  but  branching  ratios  to  these  plausible  levels  were  not 

determined  by  our  experiment.  Therefore,  confidence  cannot  be  attached 

to  either  the  detailed  shape  of  the  cross  section  or  to  its  magnitude. 

However,  the  assumption  of  100^  ground- state  treuisitions  for  a  proton 

spectrum  with  a  constant  branching  ratio  x  to  an  excited  state  of 
« 

energy  E  and  a  sensibly  energy- independent  yield  in  the  energy  range 
considered  produces  a  fractional  error  in  the  cross  section  of  approxi¬ 
mately 


X 


k  -  E*  (k,u>) 

k  (k-E'^,w) 


> 


where  the  notation  is  standard.  This  is  ~  :  for  F,  assuming  x  *  .5 

•* 

and  E  «  4  Mev.  Thus  even  for  the  observed  F  yieJd  curve  the  error  in 
the  integrated  cross  section  is  not  much  1  2ater  than  20^  due  to  final 
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state  assignment  uncertainties  with  E  known  to  be  S  6  Mev.  Taking 

19 

these  considerations  into  account,  we  obtain  for  F  ^ 

cr(r,p)(iE^  =  29*^  Mev-mb  (20) 

10.5  '  " 

for  the  assumption  of  lOOjfc  ground-state  transitions,  and  37  ±  H  Mev-mb 

for  the  assuinption  that  all  F^^  (7>p)  trEuisitlons  leave  0^  with  an  exci- 

4?  29 

tation  energy  of  4  Mev.  Lasich  et  al.  obtained  for  F 

fl6.5 

IQ  o‘(7>P)cffiy  *  IS  Mev-mb,  (2l) 

48 

which  is  con^atible  with  our  measurements.  Q.  A.  Ferguson  et 
19 

obtained  for  F 

cr(7,n)dE^  =  77  Mev-mb.  (22) 


3.3  Neon.  Neon  has  the  most  interesting  enez^  spectrum  of  the  elements 

investigated.  The  Ne  (7,p)  reaction  was  previously  investigated  with 

23-Mev^  and  8o-Mev^  bremsstrahlung  by  cloud-chamber  measurements  of  the 

recoiling  but  with  apparently  Inconclusive  results  regarding  the 

51 

shape  of  the  cross  section.  Warren  and  Hay,  using  monochroaiatlc  17.6- 
Mev  photons  from  the  Li  (p,7)  reaction  and  a  Ne-filled  proportional  counter, 
obviously  observed  the  low-energy  side  of  the  4.58-Mev  peak  but  lacked 

52 

sufficient  energy  to  map  the  full  contour  of  this  peedi.  Gemnell  et  al. 

19  20 

observed  the  first  two  peaks  in  the  Inverse  F  ^  (p#7q)  Ne  reaction, 

but  the  peak  widths  and  energies  differ  from  our  work  which  is  in  excel- 

15 

lent  agreement  with  the  inverse  reaction  done  at  Oxford.  We  observe 
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narrow,  symmetric  peaks  In  the  Ne-proton  energy  spectrum  at  76*  (Pig.  I8) 
at  3.20,  3.70,  J+.58,  5.80,  6.65,  7-75,  8.65,  SM,  and  11. 4o  Mev,  whose 
envelope  has  the  usual  giant-resonance  shape  with  a  maximum  at  4.^  Mev. 

Attention  was  focused  on  the  major  proton  peaks  in  the  Ne-excitation 
experiments.  Unfortunately,  even  though  the  e35)eriments  were  scheduled 
so  that  counting  statistics  for  each  point  on  the  excitation  curve  of 
the  major  proton  peaks  were  35^  or  less,  the  experimental  results  cannot 
be  intei^reted  unambiguously  and  all  the  precautions  previously  cited 
are  especially  pertinent  to  the  analysis  of  the  data.  In  particular,  for 
the  reasons  explained  earlier  in  this  section,  the  a  priori  assumption  of 
only  E-1  transitions  was  msuie,  even  though  there  were  Isolated  cases  in 
which  the  data  seemed  to  be  fit  somewhat  better  by  M-1  or  E-2  than  by  E-1 
virtual-photon  isochromats. 

Threshold  energy  ambiguities  arise  from  three  sources:  (l)  the  large 
primary  electron-energy  increments  of  this  experiment,  (2)  the  uncertainty 
in  the  primary  electron-energy  calibration,  and  (3)  the  interpretational 
difficulties  that  poor  threshold  statistics  and  finite  electron-energy 
spread  full-width  for  all  excitation  ejqperlments)  engender.  Because 

of  these  difficulties,  the  Important  prediction  of  the  independent-particle 
model  that  the  excited  states  of  the  residual  nucleus  predominantly 
populated  by  the  photoproton  reaction  should  be  l/2  or  3/2'  cannot  be 
asceitialned  by  these  excitation  experiments  alone  since  the  l/2^  ground 
state  euid  l/2~  first  excited  state  are  only  110  Kiev  apart.  Presumably, 
trsmsitions  to  the  other  negative-parity  states  at  1.35  and  1.46  Mev,  both 
with  spin  3/2,  could  be  identified. 


» 
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The  excitation  characteristics  of  the  protons  from  the  principal 
peedss  and  valleys  are  displayed  in  Figs.  19  -  22  ,  and  the  salient 
features  summarized  in  Table  VI.  The  5.20-Mev  protons  seem  to  have  a 
complex  parentage  with  little  evidence  for  ground-  or  near-ground- state 
transitions.  No  excitation  experiments  were  made  for  the  7*75“Mev  peak 
protons,  but  since  the  straddling  protons  at  7*51  Mev  hewi  experimentally 
identical  yield  shapes  the  results  were  appropriately  combined  and  pre¬ 
sented  as  the  excitation  of  the  7«77-Mev  peak  protons.  All  other  excita¬ 
tion  curves  shown  are  data  from  at  least  two  counters  lying  in  a  proton- 
energy  interval  1.5ll  wide,  with  the  increased  reliability  outlined  in  the 
experimental  section;  or  were  data  from  a  ftlngle  counter. 

The  differential  cross  section  at  76*,  derived  with  the  assumption 
of  lOO^l  ground- state  transitions,  is  shown  in  Pig.  23.  We  obtained  for 
Ne 

=  65'^|3^v-mb.  (23) 

16  ^ 

15 

Thomas  and  Tanner,  using  detailed  balance  and  normalizing  to  the  work 

of  Famey  et  obtained  55  Mev-mb  from  the  Inverse  (p,7)  reaction  to 

20 

the  ground  state  of  Ne  over  essentially  the  same  proton-enezgy  interval. 

52 

Normalizing  to  Gemmell  et  ^.'s  inverse  reaction  cross  section,  they 

46 

obtained  l4o  Mev-mb.  The  o'(7,n)  measurements  of  Ferguson  et  al.  had 
insufficient  resolution  to  observe  structure  similar  to  that  occurring 
in  the  a(7,p).  Ilie  obtained  for  Ne^  j‘21-5  .  52  Mev-mb. 

(Because  both  the  ground  and  first  excited  states  of  F^^  have  spin  l/2, 
and  the  relative  (7,p)  branching  ratios  to  these  states  are  not  known. 
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FIGURE  19 


ELECTRON  ENERGY  (MEV) 


FIGURE  20 
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FIGURE  21 
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Slif^ht  evldezxse 
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Total  36.2  58.9 


the  agreement  betveen  the  direct  and  inverse  reactions  is  not  necessarily 
a  confirmation  of  detailed  balsmcej  the  similarity  between  the  two  previous 
reactionL'  probably  stresses  the  importance  of  the  excitation  of  discrete 
levels  or  very  closely  spaced  groups  of  levels  in  Ne  about  1-Mev  apart.) 

The  ttoBB  section  in  the  region  of  the  four  major  peaks  can  be  approxi¬ 
mated  by  a  superposition  of  resoneuice  curves.  The  width,  peak-height,  area, 
and  Integrated  cross  section  of  the  IndlvlducLL  resonance  curve  belonging 
to  each  peak  are  presented  in  Table  VII.  Making  the  same  crude  estimates 
for  the  contributions  of  the  e:q>erlmental  resolution  to  the  peak  width  as 
in  the  0  discussion  section  results  in  photon  half -widths  of  .46,  .^2, 

.49,  and  .42  Mev,  respectively. 

3.4  Argon.  Our  survey  study  of  the  A  (e,pe' )  energy  spectrum  at  ■  30 

Mev,  $  =  76*  (Pig.  24)  exhibits  a  sharp  maximum  at  a  proton  energy  of 

3.6  ±  .1  Mev,  with  the  yield  nearly  inversely  proportional  to  E^  from 

the  peeJs  to  E^  =6.8  Mev,  where  an  inflection  occurs  in  the  yield  curve. 

The  general  features  of  the  energy  spectrum  are  in  agreement  with  the 

54 

statistically  inferior  work  of  lavor.  Since  we  lack  an  escperimentally 
determined  relationship  between  photon  and  proton  energy,  we  cam  only  set 
limits  on  the  cross  section  integrated  over  our  proton-energy  interval. 

An  isotropic  angular  distribution  is  assumed.  The  assumption  of  ground- 
state  transitions,  which  would  make  the  (7,p)  peak  occur  at  the  same  photon 
energy  as  the  (7,n)  pecdc  cross  section,  leauis  to  62  Mev-mbj  while  the  assunqp- 
tlon  that  the  peak  yield  arises  from  the  absorption  of  24-Nev  photons  leads 
to  110  Mev-mb.  The  latter  assimption  is  supported  by  the  energy  spectra  of 
Etama  et  al.*"^^  taiken  at  bremsstrahlung  endpoint  energies  of  23,  26,  and  30 
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Con- 


Mev,  and  by  the  shape  of  measured  by  Penfold  and  Garwin.^^ 

4o 

sequently,  we  conclude  that  for  A 

E  =15.25 

62  Mev-mb  <  /  ^  (7(7,p)dE  <  110  Mev-mb.  (24) 

E  =3.1 

P 

Cloud-chamber  measurements  with  E  =15*1  Mev  by  Gudden  and 

J  llloOC 

57 

Eichler,  '  together  with  estimates  of  our  o-particle  counting  efficiency, 
and  the  continuity  of  the  yields  during  runs  in  which  the  A  pressure  was 
changed  by  a  factor  of  ~  2  indicate  that  the  large  postulated  by 

Eknma  et  is  not  observed.  If  the  detected  yields  had  been  a  particles, 
the  large  O-particle  energy- loss  differences  caused  by  the  pressure  change 
would  have  produced  a  measurable  yield  discontinuity. 

3.5  Boron.  The  B  energy  spectrum  at  E^  »  30  Mev  (Pig.  25)  exhibits  a 

broad  maximum  extending  from  3  to  5  Mev  with  a  long  high-energy  tail. 

Suggestions  of  structure  appear  but  statistics  do  not  warrant  detailed 

speculation.  Since  neither  excitation  functions  nor  angular  distributions 

were  measured,  the  B  data  do  not  merit  extensive  discussion.  The  photo- 

58 

plate  work  of  Erdfls  et  and  estimates  of  our  efficiency  for  counting 

deuterons  both  .ndicate  that  most  of  the  yield  is  protons.  In  order  to 
provide  limits  for  the  B  /  d(7,p)dE^  we  make  a  plausible  analogy  to  the 
(7,p)  reaction,  assuming  and  (7,p)  reactions  are  homologous 
to  the  6uid  Ne^  (7,p)  reactions.  Using  the  above  analogy,  100)( 
population  of  the  1~  and  2”  states  at  5-96  and  6.26  Mev  gives  for  the 
B  /  0'(7,p)dE^  the  value  42  Mev-mb.  A  lower  limit  is  25  Mev-mb.  These 
estimates  are  for  the  proton-energy  interval  from  3.5  to  15  Mev. 
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3.6  Carbon.  Our  C  <t(7,p)  at  =  30  Mev  (Fig.  26)  shows  the  giant  - 
resonance  peak  at  =  6.05  Mev,  with  slight  evidence  for  structure  at 

6.7  and  3-2  Mev  but  with  no  evidence  for  splitting  of  the  magnitude 

observed  by  Cohen  et  The  width  of  Che  C^^  (7fP)  giant  resonance 

at  half -maximum  is  approximately  3.1  Mev  which  is  slightly  narrower  than 
previously  reported.^  Some  evidence  for  fine  structure  exists  at  proton 
energies  of  8.2,  8.9,  10.2,  and  10. 9  Mev  in  the  30-Mev  data.  The  enez^ 
spectrum  at  24.5  Mev  (Fig.  2?)  again  gives  us  no  evidence  for  splitting,* 
and  above  proton  energies  of  8  Mev,  where  proton  emission  is  energetically 
impossible,  it  demonstrates  the  validity  of  the  background- subtraction 
method  employed.  The  cross  section  for  E^  *  24.5  Mev  (Fig.  20)  is  in 
essential  agreement  with  the  30-Mev  cross  section,  as  expected,  since  the 
precise  work  of  Penner  and  Leiss^^  showed  an  excited-state  cross  section 
of  7  ^  16^  of  the  ground-state  cross  section  for  photon  energies  below 

30  Mev.  We  obtained  a  differential  cross  section  of  1.03  nb/sr  at  76* 
at  Ep  ■  6.05  Mev,  and 

cr(7,p)dE  «  50  ±  8  Mev-mb  (25) 

20.3  ^ 

1.2  S2 

for  C'*’  .  Using  detailed  balance,  Gemmell  et  obtained  24  ±  5  mb 

11  12 

for  the  peak  cross  section  from  the  Inverse  B  (p>7}  0  reaction.  This 
value  becomes  19  i  4  Mev-mb  after  converting  from  the  Isotropic  angular 
distribution  Oemmel  et  assumed  to  a  1  3/2  sin  9  auigular  distribu¬ 

tion  (a  factor  of  4/5  for  an  angular  distribution  measured  at  90*). 

19 

However,  as  pointed  out  in  the  discussion  of  the  Ne  results,  the  F 
20 

<y(p>7Q)  Ne  of  Gemmell  et  obtained  with  the  use  of  detailed  balance 
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is  also  about  a  factor  of  two  larger  than  our  value  or  Thomas  et  ^.’s 

inverse  cross  section  when  the  latter  used  an  independent  calibration. 

Gove  et  al.  ^  have  obtained  12  mb  for  the  pesQc  cross  section  at  E  =  6.05 
-  P 

Mev  from  the  inverse  reaction;  while  our  value  is  11.0  ±  1516  mb  for  a 

2 

1  ±  3/2  sin  6  angular  distribution,  or  9.6  mb  using  the  least  squares 

12 

fit  coefficients  to  our  5.90-Mev  C  angular  distribution,  properly  nor¬ 
malized  to  the  peak  du/dfl. 


3.7  Aluminum .  The  Al  proton  energy  spectra  from  a  20.6  mg/ cm  foil  of 
commercial  purity  (9916  Al)  used  to  monitor  the  stability  and  reliability 
of  the  experimental  apparatus  as  previously  explained  are  shown  in  Figs. 

29  and  30  for  Eq  =  18,  24.5,  and  30  Mev.  As  in  the  case  of  F,  comparison 
of  the  yield  ratios  at  the  three  primary  electron  energies  with  the  ratios 
of  E-1  virtual-photon  isochromats  enabled  us  to  establish  a  simi^quahtltAtlve 
relationship  between  k  and  E^  (see  Table  Vlll).  The  relationship  k  * 

J^Ep  +  16  seems  appropriate  in  the  proton-energy  interval  of  3-4  to  6-7  Mev. 
Beyond  proton  energies  of  7  Mev,  k  =  '|^®p  seems  indicated.  For  sim¬ 
plicity,  the  assumption  that  k  =  +  l4  over  the  entire  reoige  of  proton 

energies  was  made  to  compute  the  cross  section  shown  in  Fig.  3ii  the  errors 
are  derived  from  counting  statistics  only  and  do  not  Include  the  uncertainty 
in  the  relationship  between  k  and  E^  .  In  any  event,  the  available 
information  does  not  Justify  a  more  sophisticated  analysis.  The  previous 

64  65 

experiments  of  Diven  and  Almy  and  those  of  Dawson  heui  neither  the 
resolution  nor  the  statistics  to  detect  the  hump  we  observed  in  the  region 
of  8  Mev.  However,  our  work  is  in  agreement  with  the  gross  features  of 
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9.39  -  62  ±  2  no  ±  2  -  1.78 


27 

their  results.  We  obtained  for  Al 

0’(>',p)<aE  =  94  ±  19^t  Mev-mb,  (26) 

18.5 

with  the  use  of  our  angular  distribution  data.  Dawson,  using  Halpern 

and  Meuan' s^^  data  for  calibration,  obtained  /  o’(7,p)(3E^  =  120  ±  30  Mev- 

nb,  with  unspecified  photon  limits  but  presumably  over  the  entire  remge 

iB  .5 

of  sensibly  non-zero  cross  section.  For  Al  /  '''^0'(7,n)dE  ,  Baglin  et 

67  ^3  ^ 

al.  measured  20  Mev-mb.  Since  the  proton  thickness  of  our  Al  target 

was  great  enough  to  partially  obscure  auny  interesting  fine  structure,  the 
energy  spectrum  will  not  be  discussed  further;  however,  the  suggestion 
of  unresolved  structure,  especially  at  8  Mev,  together  with  the  alleged 
structure  in  the  total  photon  absorption  curve  auid  Baglin  et  ^.'s  calcula¬ 
tions  are  intriguing;  and  perhaps  future  Al  (7,p)  experiments  with  thinner 
taurgets  are  advisable.  On  the  other  hamd,  our  isotropic  amgular  distribu¬ 
tions  suggest  a  statistical  emission  process  and  smooth  absorption  cross 
section. 
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B.  Angular  Distribution  Measurements 


3.8  The  effective  gas-target  thickness  as  a  function  of  spectrometer 
angle.  In  order  to  interpret  the  angular  distribution  data,  the  effec¬ 
tive  gas-target  thickness  as  a  function  of  spectrometer  angle  had  to  be 
known.  The  effective  gas-target  thickness  was  calculated,  aifter  attempts 
to  obtain  the  desired  quantity  with  elastic  electron  scattering  measure¬ 
ments  proved  abortive,  with  the  use  of  the  measured  spectrometer  lateral 
efficiency  and  certain  assumptions  about  the  intensity  distribution  and 
width  of  the  primary  electron  beam.  We  define  the  spectrometer  lateral 
efficiency  to  be  the  efficiency  for  detecting  particles  which  originate 
at  positions  along  a  line  perpendicular  to  the  spectrometer  vertical 
symmetry-plane,  and  passing  through  the  spectrometer  focal  point,  llie 
spectrometer  lateral  efficiency  was  determined  by  measuring  the  counting 
rate  of  a-paurtlcles  from  the  Cm  source,  which  was  masked  to  a  .06-ln. 

^  vertical  slit,  as  a  function  of  the  distance  along  the  primary  electron 
beam  when  the  spectrometer  was  at  76*.  The  results  are  shown  in  Fig.  32a, 
b,  and  c.  Ihe  low  points,  about  .2  in.  from  the  alleged  vertical  symmetry- 
plane,  are  due  to  the  source  passing  behind  two  thin  wires,  equldlsteuit 
from  the  scattering-chamber  center.  The  slight  asymmetry  of  the  experi¬ 
mental  latersJ.  efficiency  measurements  can  be  partially  accounted  for  by 
the  fact  that  the  source  moved  through  the  scattering-chamber  center  at 
an  angle  of  76*  to  the  spectrometer  vertical  symmetry-plane  Insteeid  of 
90*,  and  by  smedl  differences  in  counter  efficiency  for  events  near  the 
edge  of  the  photocathode  on  opposite  sides  of  the  spectrometer  synmetry- 
plane;  the  latter  hypothesis  is  supported  by  the  fact  that  measurements 
with  counter  3  were  slightly  asymmetric,  while  those  with  counter  7  were 
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not.  From  these  measurements  It  vas  concluded  that  the  lateral  efficiency 
function  was  a  trapezoid  of  top  28_  »  .4^  ±  .015  In.  and  base  28^  * 
1.550  ±  .0^0  In.  The  errors  are  steuidard  deviations. 

The  measured  lateral  efficiency  function  can  be  compared  with  the 
predictions  of  the  first-order  theory  with  a  baffle  of  half -width 
placed  at  a  distance  fran  the  source.  First-order  theory  predicts 
that  for  a  magnet  of  radius  r^  >  field  Index  n  ,  and  source  distance 
8^  ,  the  solid  angle  as  a  function  of  the  lateral  dlsteuice  8  from  the 
vertical  symmetry-plane  Is  given  by 


^(8)  =  i  0  S  8  S  8. 
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Thus  the  latereJ.  efficiency  function  Is  predicted  to  be  a  trapezoid  of 
top  28.  and  base  28^  .  The  e]q)erlmental  values  of  8^  9  ln.>  \  " 

.44  In,,  and  »  1.12  In.,  and  the  previously  quoted  values  for  n  , 

Tq  ,  amd  Sq  of  l/2,  18  In.,  and  26  In.  respectively  give  8_  »  .22  In. 
and  6+  =  .93  In.,  to  be  compared  with  the  observed  values  of  .22  In. 
euid  .78  In.  The  observed  discrepancy  In  8^  Is  not  so  serious  when 
account  Is  taken  of  the  finite  width  of  the  scintillators. 
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Vflth  no  baffle 


and 

8.  »  n(Vr^)2  |l  +  [l  . 

=  6.4 

for  the  above  values  of  n  >  ,  and  ;  but  since  the  counter  width 

was  only  2  in.,  the  lateral  efficiency  function  was  essentially  a  rect¬ 
angle  of  2- in.  width  for  the  conditions  of  the  solid  target  experiments. 
!nie  projected  beam  width  on  the  solid  target  foils  was  alweiys  less  than 
1  in.,  which  ensured  that  no  counting  losses  were  incurred  by  small 
horizontal  shifts  in  the  electron  beam.  These  conclusions  were  experi¬ 
mentally  checked  by  rotating  the  target  foils  about  the  vertical  plane 
which  varied  the  width  of  the  electron  beam  projected  on  the  target. 

The  ratios  of  the  yields  multiplied  by  cosec  q)  ,  where  cp  is  the  cuigle 
between  the  target  and  the  primary  electron  beam,  were  statistically  the 
same  for  9  >  30®.  In  previous  Stanford  (e,pe')  experiments  larger 
scintillators  were  used  which  could  8u:count  for  the  background  observed 
from  the  target-holder  ladder,  since  the  latereil  treuismlsslon  efficiency 
was  about  9^^  at  the  scintillator  edge  in  former  experiments. 

Since  the  lateral  efficiency  function  for  a  magnetic  spectrometer 
is  in  general  trapezoidal,  and  since  cylindrical  target  geometries  are 
not  unconmon,  the  relative  effective  target-thickness  calculations  are 
reproduced  in  Appendix  I.  Table  IX  shows  the  results  of  effective  target¬ 
thickness  calculations  for  spectrometer  angles  of  20*,  48*,  and  76*,  with 
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the  assiunptlon  of  0.00-in.  and  .50-in.  electron-beam  width  and  the  range 

of  probable  values  of  the  lateral  efficiency- function  parameters.  Semi- 

quantltative  evidence  exists  for  an  electron-beam  width  of  approximately 

68 

.30  in.  and  trapzoldal  intensity  distribution  ;  therefore  an  average  of 
the  zero  and  .50-in.  beam  width  relative  effective  target  thicknesses, 

.572  ±  .020/. 789  ±  .024/1*000,  represent  the  best  estimate  with  the 
available  information.  The  errors  associated  with  the  experimental  points 
in  the  angular  distribution  measurements  include  the  uncertainty  in  the 
relative  target  thicknesses.  All  errors  are  standard  deviations. 

Hie  calculated  relative  target  thicknesses  above  are  known  to  an 
accuracy  compatible  with  the  errors  from  counting  statistics;  but  for  a 
precise  determination  of  the  former  quantities,  a  comparison  of  the 
angular  distribution  of  carbon  photoprotons  from  a  CH  (polystyrene)  foil 
and  methane  (CHj^)  in  the  gas  chamber  would  be  preferred.  This  measure¬ 
ment  would  correspond  to  the  comparison  of  the  angular  distributions  from 
a  point  and  an  extended  source,  and  would  eliminate  uncertainties  caused 
by  a  possible  tsp/v  dependence  of  til  for  non-zero  values  of  6  . 

The  electron  beam  was  carefully  centered  on  the  gas  target  at  each 
angle  to  avoid  geometric  uncertainties.  This  slight  repositioning  of  the 
beam  direction  at  each  angle  unfortunately  could  have  been  the  cause  of 
an  even  larger  error  than  was  avoided,  since  the  SEM  efficiency,  after 
angular  distributions  were  measured,  apparently  had  Increased  by  7.5^t  as 
previously  described.  The  increased  A1  proton  yields  at  76”  observed 
upon  completion  of  the  angular  distribution  experiments  which  were  used 
to  conjecture  the  SEM  efficiency  change  conceivably  could  have  resulted 
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from  an  alteration  of  the  Ai  target  geometry  during  spectrometer  angle 
changes  rather  than  from  a  change  in  the  SEM  efficiency.  An  indentation 
of  the  target  foil  large  enough  to  produce  the  observed  effect  —  an 
effective  Increase  of  9-2'*  in  the  angle  between  the  target  and  electron 
beam  would  be  required  —  would  probably  have  been  noticed.  Since 
detailed  experimental  verification  of  the  SEM' s  malfunction  is  lacking, 
no  correction  was  made.  The  effect  of  the  alleged  SEM  efficiency  change 
on  the  0  and  Ne  da/dO-  data  would  be  to  decrease  the  forward  and  Increase 
the  backward  asymmetries.  The  conclusions  based  on  a  comparison  of  the 
0  and  Ne  da/dfi  would  not  be  altered  since  the  data  were  taken  consecu¬ 
tively  at  each  angle. 


3.9  Experimental  methods  and  corrections.  Angular  distributions  of  the 
prominent  peaks  in  Ne  and  0  were  made  by  successively  positioning  the 
peaks  on  the  same  counter  by  taking  partial  energy  distributions  at  each 
angle  to  locate  the  peaks.  The  spectrometer  field  values  which  were  used 
for  the  gaseous  elements'  angular  distributions  gave  nearly  the  same 
proton  energies  after  conversion  from  laboratory  to  center-of-mass  energies. 
The  center-of-mass  proton  kinetic  energy  T  is  related  to  the  laboratory 
kinetic  energy  T^  by 


[1  ■  k/M.)l[T  +  M  ]  -  P  k  cos  e,  . 

_ _  '  p  p  p _ lab 

[1  * 


-Mp 


-  T  -  (kM  /MJ[2T  /M  cos  e 


P'  A'‘  p'  p 


lab  ’ 


29) 
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where  is  the  mass  of  the  target  nucleus,  k  is  the  energy  of  the 
photon  inducing  the  reaction,  and  natural  units  are  used.  The  small 
spread  in  the  calculated  center-of-mass  energies  as  a  function  of  angle 
gives  credence  to  the  assumption  that  most  of  the  detected  particles 
are  protons  and  is  a  measure  of  the  accuracy  of  the  location  of  the  peaks. 
(For  the  9*53  ±  .04  Mev  peak  in  0  the  center-of-mass  energies  were  9. 51 
Mev,  20*j  9.53  Mev,  W*,  9*55  Mev,  76*j  9-61  Mev,  104*;  9.52  Mev,  132*} 
and  9.^7  Mev,  l60*.  The  energies  of  the  largest  two  neon  peaks  were 
similarly  determined  on  the  basis  of  reproducibility  to  be  located  at 
k.59  ±  .03  and  5.79  ±  .02  Mev.)  Because  the  energies  of  the  angular- 
distribution  data  points  for  the  solid  targets  and  for  the  gaseous  tar¬ 
gets  from  counters  other  than  the  one  which  followed  the  peak  under 
observation  were  a  slight  function  of  the  spectrometer  angle,  the  data 
points  were  corrected  to  the  value  of  the  cross  section  corresponding 
to  the  average  center-of-mass  kinetic  energy  T^^^  by  referring  to  the 
cross  section  at  76*.  The  correction  was  largest  for  those  elements  whose 
cross  section  changed  rapidly  with  proton  energy,  and  was  approximately 
lO^t  in  the  extreme  cases  at  the  extreme  angles.  The  uncertainty  of  this 
correction  was  incorporated  in  the  angular-distribution  data  errors. 

The  angular  distributions'  even-parity  terms,  which  are  assumed  to 
arise  entirely  from  an  E-1  interaction,  have  been  corrected  for  the 
dependence  of  the  E-1  virtual-photon  spectrum  on  the  reaction  product 
angle  [Eq.  (^)].  Therefore,  if  the  'e,pe  )  angular  distribution  has  t’ 
form 

2  2 

A  +  B  cos  9  +  C  sin  6  +  D  sin  9  cos  9  ,  JO) 
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should  be  the  same  as  the  respective  even-parity  terms  of  the  real-photon- 
induced  angular  distribution.  The  odd-parity  terms,  attributable  to  inter¬ 
ference  between  E-1  and  E-2  transitions,  were  not  corrected  for  the  depend¬ 
ence  of  the  E-2  virtual-photon  spectrum  on  reaction  product  angle. 

The  second  order  effects  of  finite  angular  divergence  and  of  multiple 
scattering  of  the  initial  electron  beam  on  the  proton  angular  distribution 
are  negligible  for  this  experiment.  If  the  incident  beam  attained  a  maxi¬ 
mum  half -width  in  an  analyzing  magnet  of  focal  length  f  before 

being  incident  on  the  target,  the  angular  distribution  [Eq.  (30)]  would 
be  measured  as 

A  +  ^W^/g/f)^  C  +  ((1  -  -  i(W^^g/F)^)cos  0 

+  [1  -  sin^  0  +  [1  -  ^W^^2/f)^]D  sin^  0  cos  0.  (33) 

Multiple-scattering  of  the  primary  electron  beam  in  the  material  ahead 

of  the  target  changes  a  sensibly  parallel  beam  into  a  cone-shaped 

2  2 

diverging  beam  whose  intensity  is  proportioned  to  e  -  (0  /2(T  )  ,  where 
0  is  the  half -angle  of  the  cone  and  a  is  the  rms  scattering  angle 
previously  defined  [Eq.  (^)].  Assuming  a  p£u:allel  electron  beam  would 
produce  Eq.  (30),  multiple  scattering  changes  this  to 
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A  +  ar^C  +  [(l  -  cr^)B  +  2cr%]coB  6 

+  (1  -  3o-^)C  sin^  e  +  (1  -  I  a^)D  sin^  9  cob  9  .  (33) 

For  this  experiment  was  «»  I.3  x  10  and  cr  »  2.7  X  10  radian 

(l.5*)i  consequently  the  above  corrections  are  negligible.  The  correc¬ 
tion  for  the  reaction-product  angular  dependence  of  the  virtual-photon 
spectrum  was  much  greater  them  the  multiple- scattering  correction  in  our 
e^erlment . 

Lastly,  the  angular  distributions  were  not  corrected  for  finite  ; 
angular  resolution  of  the  spectrometer  since  this  correction  was  also 
very  small.  In  general,  for  a  spectrometer  of  finite  horizontal  accept¬ 
ance  angle  2L.  ,  the  assumed  angular  distribution  [Eq.  (30)]  is  trans¬ 
formed  to 


A  +  C  sin^  A  +  (B  cos  A  +  ■5  D  sin  L  sin  2A)  cos  9 


+  C(l  -  ^  sin^  A)  sin^  0  +  D  cos  A  cos  2A  sin^  9  cos  0.(3*<') 


For  a  magnetic  spectrometer 

tan  A  ■ 


(35) 


where  all  symbols  except  W  ,  the  accessible  horizontal  aperture  hedf- 
wldth,  have  been  previously  defined  [see  Eq.  (27)].  For  an  n  ■  l/2 
spectroneter 

teui  A  B  •J^SI/A 
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(36) 


where  A  is  the  ratio  of  the  magnet  aperture  height  to  width.  In  the 
case  of  this  experiment  tan  A  =  .03  }  so  this  correction  is  also  negli- 

6o 

gible.  These  conclusions  supercede  those  of  Vanhuyse  and  Barber. 

Ihe  relationships  between  the  laboratory  system  and  the  center-of- 
mass  system  for  the  (y^p)  reewjtion  are  given  in  Appendix  II,  Table  AII-I. 

3.10  Discussion  of  the  angular  distributions.  The  0,  P,  Ne,  C,  and  A1 

angular  distributions  data  was  fitted  to  a  cos  9  power  series  of  fourth 

degree  by  the  least  squares  method  and  the  results  expressed  in  the  form 
4-3 

of  Eq.  (30)  and  Z  C,P,(cos  9)  .  The  even-parity  terms  of  Eq.  (30), 
t-0  ^  ^ 

A  and  C  ,  were  then  corrected  to  photoproduction  [Eqs.  (35)  and  (36)]* 

The  resulteuit  coefficients  and  their  standard  deviations  in  mb/sr  are 

given  in  Tables  X,  XI,  XII,  XIII,  and  XIV,  respectively.  In  our  ea^erl- 

ment  there  are  few  examples  in  which  the  conversion  to  photoproduction 

or  the  difference  between  the  center-of-mass  and  the  laboratory  systems 

is  statlstlceilly  discernible.  Table  XV  gives  the  measured  values  of 

(C/A)^  for  the  electron- induced  angular  distributions,  and  the 

predicted  values  of  (C/A)  =  C'/A'  for  the  photon- induced  angular 

7/P 

distributions  for  our  statistically  favorable  cases.  Representation  of 
the  angular  distribution  in  Legendre  polynomials  distributes  the  errors 
of  our  experiment  equitably  among  the  coefficients  and  is  convenient 
because 

a  *  /  (d£r/dfl)dn  *  ,  (37) 

ft  ° 

a  consequence  of  the  orthogonality  of  the  Legendre  polyncxnials .  Since 
the  dependence  of  the  E-1  virtual-photon  spectrum  on  a(E)  and  fi(E) 
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vanishes  on  integration  over  dfi  ,  the  E-1  ^(e^pe*)  is  predicted  to  be 
equal  to  the  E-1  cr(7,p). 


TABLE  XV.  Measured  values  of  (c/A)^  for  (dc/dli)^  and 

predicted  values  of  (C/A)  for  (dcr/dfl)  . 

/>P  7fP 


Element 

Oxygen 

Oxygen 

Neon 

Neon 

E  (Mev) 

P 

9-53 

11.41 

4.59 

6.67 

(C/A)  , 

'  'e,pe' 

2.90  ±  .19 

1.94  ±  .10 

1.00  ±  .09 

0.87  ±  .02 

3.19  ±  .19 

2.04  ±  .10 

1.05  ±  .09 

0.94  ±  .02 

(a)  Oxygen.  The  0  dO‘(y,p)/dfl  has  been  studied  in  this  energy  range 
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by  Johannson  et  al.,  C.  Milone  et  and  Brix  and  Mashke'  ;  but  the 

70 

accuracy  of  previous  experiments  has  been  limited  bv  experimented  or 
statistical  uncertainties.  Ratios  of  C'/A'  range  from  1.1  obtained 

by  Johannson  et  al.  to  6.7  obtained  by  Brix  and  Mashke  for  >  10  Mev. 
Our  values  of  C’/A*  are  shown  in  Fig.  33*  dff/dO  of  0  protons 

from  the  9.^3  and  ll.^-Mev  peaks  and  the  valley  in  between  are  displayed 
in  Fig.  3^'  Wilkinson's  resonance  direct  mechanism  predicts  C'/A'  ■  3/2 

for  both  the  ^'S/2  ^^l/2  ^^3/2 

transitions  which  are  expected  to  be  responsible  for  the  9*53  and  11. 50- 
Mev  peedcs,  respectively.  Admixtures  of  transitions  where  the  relative 
angular  momentum  of  the  proton  t  changes  to  1-1  with  the  transi¬ 
tions  where  t  changes  to  t  +  1,  which  contribute  most  of  the  dipole 
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strength  can  modify  the  elii5)le  estimates  for  C/A  of  Courant  and 

g 

Wilkinson,  since  the  radial  matrix  elements  cannot  be  factored  out  in 
these  cases.  Calculations  of  the  expected  modification  of  C'/A*  have 
not  been  extended  to  this  region  of  Z  .  Figure  35  shows  that  the  asym¬ 
metry  in  0  d  (e,pe'  )/dfi  shifts  from  the  backward  to  the  forward  hemisphere, 
respectively,  for  protons  from  the  low-  and  high-energy  sides  of  the  9*53- 
Hev  peak.  As  Gtove*'^  has  pointed  out,  this  behavior  is  expected  if  the 
asymnetry  term  arises  from  Interference  of  two  proper  Breit-Wigner  reso¬ 
nances,  one  with  Jrt  *  l”  and  the  other  with  Jit  =  2^,  and  whose  spacing 
is  greater  than  their  widths  to  ensure  the  physical  reasonableness  of  the 

single-level  Breit-Wigner  approximation.  Hie  inelastic  electron  scatter- 

74 

Ing  ejqperlments  of  Bishop  and  Isabelle  Indicate  the  presence  of  an  E-2 
level  in  this  vicinity  of  the  photon  absorption  cross  section.  Brown  and 
Levinger  ^  have  placed  an  upper  limit  on  P  /20  ,  where 

p  *  C/D  .  For  0  this  foimula  predicts  °^e-2^'^E-1  ^  proton 

energy  intJival  investigated. 

(b)  Fluorine.  The  F  dcr(y,p)/di)  C’/A’  values  (Fig.  36)  are  ~  .5 

for  E  <  7  Mev,  while  for  E  >  7  Mev  they  increase  rapidly  with  E^  . 

P  P  P 

The  low  values  of  C'/A’  imply  either  a  large  component  of  a  statistical 

emission  process  or  a  large  proton  relative  angular  momentum  t  . 

(According  to  the  resonance  direct  theories  dcr/dJ)  ■»  1  +  l/2  sin  Q  for 

large  I  . )  The  latter  assumption  would  partially  explain  the  low  F  ^ 

f  0‘(7»p)<iEy  because  of  the  angular  momentum  barrier;  but  the  (7,n)  yields 

would  also  be  inhibited  by  this  mechanism.  According  to  the  F^^ 

48 

measurements  of  Ferguson  et  al. ,  this  inhibition  is  not  observed. 
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Typical  F  d[r(e,pe' )/dft  's  for  =  2^.5  Mev  are  shown  in  Fig.  37  with 
arbitrary  ordinate  units.  The  absolute  values  of  the  angular  distribution 
coefficients  which  were  given  in  Table  XI  were  calculated  from  the  F 
dcr(e,pe' )/dfi  at  76®  shown  in  Fig.  16. 

(c)  Neon.  The  Ne  dtrCe^pe' )/dfl  exhibits  the  same  general  behavior 
as  0  although  C'/A*  values  (Fig.  38)  are  smaller  —  a  significant  fact 
since  a  resonant- state  interaction  with  the  valence  nucleons  which  would 
produce  a  larger  isotropic  term  theui  occurs  in  0  seems  unlikely  in  view 
of  the  sharper  peaks  in  the  Ne  cross  section.  The  similarity  of  shape  of 
dc/dfi  for  the  peak  protons  (which  all  have  C'/A*  *  l)  is  stressed  in 
Fig.  39*  The  shift  from  backward  to  forward  asymnetry  on  opposite  sides 
of  a  peak,  observed  in  0,  is  also  seen  for  the  second  Ne  peeQc  in  the 
dor/dfl  of  the  5.^-  and  6.0l*^-Mev  protons  in  Fig.  along  with  the 
dff/dft  for  the  protons  from  the  sides  of  other  peaks.  The  angular  dis¬ 
tributions  of  Ne  valley  protons  are  shown  in  Fig.  4l.  According  to  the 
work  of  Komar  and  lavor^  the  average  value  of  C  /A'  for  1  <  Ep  <  15 
Mev  has  Increased  to  2.5  for  E  =  80  Mev.  An  upper  limit  for 
ag_g/a'g_^  is  '^.6%  from  our  work,  although  the  average  value  is  ~l^t. 

(d)  Carbon.  The  C  d0’(7,p)dfl  has  been  measured  by  many  experimenters 

63 

for  the  direct  reaction,  and  by  Gove  et  for  the  inverse  reaction. 

The  agreement  of  the  direct  and  inverse  proton  and  photon  angular  distribu- 

60,  63 

tions  has  been  cited  previously  as  quantitative  confirmation  of 

12 

detailed  balance.  Table  XVI  summarizes  the  existing  data  for  the  C  (7>Pq) 

11  12 
proton  and  B  (Pj^q^  photon  angular  distributions.  The  C  d(r(e,pe' )/dG 
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for  E  <6.00  Mev  are  shown  in  Fig.  42.  Proton  angular  distributions 
P 

from  both  sides  of  are  shown  in  Fig.  43;  the  C'/A’  values  for 

C  are  plotted  in  Fig.  44.  Ihe  resonance  direct  prediction  with  18 
coupling  is  C/A  ■  3/2. 


TABI8  XVI.  Comparison  of  the  direct  and  inverse  C  (y^p) 
angular  distribution  coefficients.  IHie  errors  of  this  experiment  are 
standard  deviations. 


Experiment 

=0 

^^2 

Ref .59.  C^(e,pe') 

22-23 

1 

.14 

±  .02 

-.50  ±  .03 

Ref.60.  C^(7,Pq) 

22.1 

1  ±  .02 

.09 

±  .02 

-.56  ±  .04 

-.03  ±  .05 

Ref.62.  B^^p,7o) 

22.5 

1 

.12 

±  .03 

-.69  ±  .05 

Ibis  experiment 

22.4 

1  ±  .05 

.16 

±  .09 

-.61  ±  .04 

.11  ±  .06 

(e)  Aluminum.  A1  angular  distributions  are  almost  isotropic  (Fig.  4^). 

They  have  a  slight  forward  asymmetry  which  suggests  interference  of  states 

of  opposite  parity.  The  A1  d0’(7,p)/dn  measurements  of  Hoffman  and  Casieron'^^ 

at  30*,  60*,  and  90*  with  E  ■  25  Mev  suggest  an  isotropic  angular 

distribution  in  agreement  with  our  data.  Our  nearly  isotropic  angular 

67 

distributions  contradict  Baglin  ^  ^’.'s  hypothesis  of  a  relative  A1 
(7,p)  angular  momentum  of  t  >  3.  The  absolute  values  of  the  coefficients 
which  were  given  in  Table  XIV  were  calculated  from  the  A1  dff(e,pe*  )/dfl 
shown  in  Fig.  31-  Equation  (33)  shows  that  multiple  scattering  of  the 
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prlaary  electron  beam  (o’  ■  2.1*  for  cases  in  which  the  electron  beam 

p 

traversed  '>'<41.6  mg/cm  of  Al)  had  a  negligible  effect  on  the  A1 
distributions . 


-  119  - 


CHAPTER  IV 


CONCLUSIONS 

Our  experlmentB  provide  information  about  the  (e,pe’ )  reaction,  and 
as  a  consequence  of  the  correspondence  between  electron  and  photon- Induced 
reactions,  about  the  (7,p)  reaction  in  0,  P,  Ne,  C,  Al,  and  to  a  lesser 
extent  in  A  and  B.  This  Infomatlon  is  of  sufficient  precision  to  moti¬ 
vate  the  e:q?enditure  of  the  considerable  amount  rf  theoreticeJ.  labor  which 
will  be  necessary  to  obtain  quantitative  understanding  of  our  results. 

The  following  observations  sumnarlze  the  important  Implications  of  our 
work. 

Our  (e,pe')  energy-distribution  experiments  have  shown  that  gross 
structure  of  multiplicity  greater  than  two  does  occur  in  the  giant-resonance 
region  in  the  (e,pe' )  reaction  in  0,  F,  and  Ne.  The  occurrence  of  structure 
in  F  and  Ne  contradicts  the  predictions  of  the  strong-correlation  siodels  of 
the  photonuclear  effect.  The  quasi-agreement  of  the  independent-peurticle 
model  (IPM)  calculations^  with  our  0  o’(7,p)  and  the  mere  occurrence  of  the 
structure  in  the  F  euid  Ne  7(7,p)  are  strong  arguments  for  the  validity  of 
the  Independent-paz^lcle  approach  to  the  photonuclear  effect  in  this  region 
of  Z  .  On  the  other  hcmd,  the  0  (7,p)  IPM  calculations  of  Elliot  and 

7 

Flowers,  while  not  comprehensive  enough  to  predict  all  the  structure  in 
the  0  o'(7,p)  (their  calculations  only  seml-quantltatively  account  for  the 
location  and  relative  /  ’s  of  the  9.5  and  11. 5  Mev  peaks),  do  not 
seem  to  predict  the  proper  (7,p)  branching  ratios  to  the  6.33-Mev  (probably 
3/2")  state  and  the  ground  (l/P”)  state  of  N^^.  Their  branching-ratio 
prediction  of  3*3  to  1  in  favor  of  the  3/2"  state  would  imply  that  the 
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region  of  the  0  (7>p)  cross  section  from  20  to  26  Mev  would  contain  an 

anomalously  high  39%  ot  the  dipole  stun-rule  Integrated  cross-section  pre- 

26 

diction  of  360  Mev-mb,  compared  with  our  value  0  /  (r(7,p)dE  of  32.4 

20 

Mev-mb.  This  serious  and  important  discrepemcy  warrants  further  experi¬ 
mentation  to  determine  the  ratio  of  the  ground  to  the  excited  states  of 
populated  by  the  0^^  (7>p)  reaction  for  proton  energies  of  less  them  8  Mev. 

As  stated  in  the  Introduction  (Chapter  l)  detailed  IFM  csdculatlons 
with  which  to  compare  our  e^qperlmental  results  are  not  available;  however, 
the  following  queditatlve  conclusions  cam  be  stated.  Since  one  of  the 
fundamental,  hypotheses  of  Wilkinson's  IPM  of  the  giant  resonance  is  that 
the  largest  E-1  contributions  come  from  closed-shell  tramsltlons  (trsmsl- 
tlons  involving  the  0  core  in  the  case  of  F  and  Ne),  the  IFM  predicts  the 
giant  resonance  proton-energy  spectra  of  0,  F,  and  Ne  should  be  nearly 
the  same:  the  presence  of  the  F  and  Ne  valence  nucleons  should  merely 
broaiden  the  peaks  observed  in  the  0  u'(7,p).  In  particular,  since  Ne  has 
only  one  more  vadence  nucleon  than  F,  their  energy  spectra  should  be  neaurly 
Indentlcal.  By  the  same  reasoning  the  0,  F,  amd  Ne  da/dfl  's  should  be 
similar.  Ei^erlment  shows  that  none  of  these  detailed  IFM  expectations 
are  fulfilled.  Thus  while  the  collective  model's  photonucleau*  predictions 
are  not  realized  in  this  region  of  Z  ,  the  IFM  predictions  are  not  correct 
either.  Ihe  occurrence  of  naurow  resonances  does  seem  to  indicate,  however, 
that  the  crude  IPM  wave  functions  should  provide  the  better  bamls  for  a 
more  accurate  pertuzbation  calculation  of  the  photonucleam  effect. 

One  additional  remau:k  may  be  mauie.  Carbon,  0,  auid  Ne  are  a-partlcle 
nuclei,  atnd  our  experiments  have  shown  that  these  nuclei  have  smaller 
giant  resonance  "widths"  than  their  non-O-particle  neighbors,  B  and  F. 
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This  condition  seems  to  prevail  in  photonuclear  reactions  in  heavy  a- 
particle  nuclei.  Before  extensive  conjecture  on  this  subject  is  made, 
more  experiments  are  advisable.  However,  our  angular  distributions  data 
provide  an  argument  for  0  and  lie  being  more  symnetric  than  P.  Hiis  would 
be  expected  on  the  basis  of  the  higher  special  symmetry  which  an  a-partlcle 
nucleus  would  attain. 
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-^-PPEIIDIX 


CALCJLATION  OF  THE  EFFECTIVE  GAS-TARGET  THICKNESS  AS  A 
FTINCTION  OP'  SPECTROMETER  ANGIE 


The  effective  thickness  of  the  gas  target  is  equal  to  the  spectrometer 

lateral  efficiency  function  Elx,y)  integrated  over  the  area  defined  by 

the  gas-chamber  geometry  and  the  primary  electron  beam  and  divided  by  the 

width  of  the  prima.ry  electron  beam.  Tne  calculation  is  conveniently 

divided  up  into  two  regions  for  v/hich  R  tan  6  -  6  sec  0  is  smaller  or 

q  -  q 

greater  than  W  ,  where  W  is  the  primary  electron  bear,  half-width^  R  th 
target  radius,  and  0^  is  the  angle  between  the  spectrometer  and  the 
primary  electron  beam  as  defined  previously;  other  restrictions  on  the 
parameters  are  self-evident.  The  target  geometries  at  CO'',  48^,  and  76“ 
are  shown  in  Fig.  Al-ia,  b,  and  c.  The  gas  chamber  was  axially  symmetric 
to  an  excellent  appi’oximation,  and  therefore  we  assumed  equal  target  thick¬ 
ness  for  equivalent  angie.s  in  the  foreward  and  backward  hemispheres. 
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FIGURE  AI-1 

Gas  tanget  geaaetrles  at  ao*,  1»8*,  and  76*. 
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APPENDIX  II 

THE  RELATIONSHIP  BETWEEN  THE  LABORATORY  AND  THE  CENTER-OF-MASS 
SYSTEMS  FOR  THE  (r,p)  REACTION 


The  cross  section  measured  In  the  laboratory  coordinate  system  is 
usually  expressed  in  the  center-of-mass  system  to  facilitate  comparison 
with  theoretical  predictions.  The  cross  sections  are  related  by  the 
following  expressions 
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where  r=6  /(E/P)  is  the  ratio  of  the  center-of-mass  velocity  to 

'^cm  '  '  o'  o' 

the  proton  velocity  in  the  center-of-mass  system,  euid  the  subscript  o 
refers  to  center-of-mass  quantities. 
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Table  AII-I  summarizee  the  relationships  between 
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for  alternate  forms  of  the  euigular  distributions.  Use  of 
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